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Specific mutations in the α and β subunits of the Kluyveromyces lactis F1-ATPase 

enhance ATP hydrolysis in the absence of the central γ-rotor 

Thuy La 

ABSTRACT 

In eukaryotic cells, the mitochondria are vital organelles which are required for cell 

viability. Mitochondrial stresses such as oxidative stress, loss of membrane potential or 

loss of mitochondrial DNA are considered extreme and are associated with many 

neurodegenerative diseases and aging.  The mitochondrial FoF1-synthase, where the 

majority of cellular ATP is synthesized, is composed of one inner membrane bound Fo 

domain and a water soluble F1 domain in the mitochondrial matrix.  F1 contains the 

hexameric 33 core and the centrally located  subunit.  The  subunit is believed to play 

a key role in inducing conformational changes while rotating within the 33 core during 

ATP hydrolysis/synthesis.  Previous studies have shown that the α3β3 core alone from the 

Thermophilic bacterium PS3 has a detectable hydrolyzing activity. In recent years, 

evidence of the rotary catalysis of Thermophilic Bacillus sp. PS3 F1-ATPase without its 

rotor - subunit γ - was shown using high-speed atomic force microscopy[1].  Moreover, 

previous study undertaken in our lab had utilized a unique genetic screen that allowed the 

identification of two specific mutations in the α and β subunits in the aerobic yeast 

Kluyveromyces lactis that stimulate ATP hydrolysis by the mitochondrial F1-ATPase in 

the absence of γ. This allows cells to survive upon the loss of mitochondrial DNA.  In 

current work, we confirmed that the αF446I and βG419D mutations on the DELSEED 

loop are sufficient to allow ρ
0
 cells to survive in the absence of γ.  Biochemical 

experiments showed that the -less F1-ATPase can be assembled to actively hydrolyze 
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ATP in vivo, but this activity becomes extremely labile in vitro. These studies give 

insights into the catalytic mechanism of the α3β3 subcomplex and help to better 

understand the evolutionary origin of the mitochondrial F1-ATPase. 
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CHAPTER 1: INTRODUCTION 

The goal of the thesis is to biochemically analyze the rotor-less F1-ATPase proteins with 

novel mutations in α and β subunits responsible for the survival of the petite-negative 

yeast Kluyveromyces lactis in ρ
0
 condition.  Using the K. lactis model system, it is hoped 

to achieve a better understanding of how these mutations can help petite-negative yeasts 

tolerate the elimination of mitochondrial DNA (mtDNA), possibly by increasing the ATP 

hydrolysis to maintain enough inner membrane potential for protein import, 

mitochondrial biogenesis and ultimately, cell survival.  

1.1 Mitochondria 

Mitochondria are essential cellular organelles in all aerobic eukaryotic cells.  They 

are responsible for producing the majority of the cell’s chemical energy in the form of 

adenosine-5’- triphosphate (ATP) by oxidative phosphorylation.  They also contain 

various enzymes that catalyze a variety of biosynthesis pathways, as well as cell 

signaling, cellular differentiation, cell cycle control and cell death [2].  It is believed 

that mitochondria are products of a symbiotic relationship between a primitive 

eukaryote and a proteobacterium 1.5 to 2 billion years ago [3].  Many observable 

evidences can support this endosymbiosis hypothesis as mitochondria have many 

features in common with bacteria, such as their double membrane structure, their own 

independent circular genome that shows substantial similarity to the bacterial 

genomes [4] encoding for essential proteins involving in their own biogenesis.  

Additionally, mitochondrial translational machinery and the electron transport chain 
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enzyme synthesis are found to be susceptible to antibiotics such as tetracycline [5], 

chloramphenicol and erythromycin [6].  

1.1.1 Structure 

The mitochondrion is typically ellipsoidal, ranging from 0.5 to 1 µm in diameter 

[7]. Its double membrane bound structure is highly specialized in terms of 

activities and functions.  The smooth outer membrane contains porins, the large 

protein channels that permit nonspecific metabolites of up to 10 kDa, while the 

extensively invaginated inner membrane contains ~75% of total protein by mass.  

The folding of the inner membrane, called cristae, greatly increases the surface 

area to accommodate high amount of proteins such as the electron transport 

chain and numerous transport proteins controlling the passage of metabolites.  

The number of cristae varies depending on the required respiratory activity of the 

cell type.  The two membranes are separated by a narrow inter-membrane space 

(Figure 1).  The inner compartment of a mitochondrion contains a dense matrix 

of soluble enzymes, substrates, cofactors and ions, as well as the mitochondrial 

genetic machineries for DNA and RNA synthesis and protein translation.  
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Figure 1:  Structure of mitochondria 

Left: a model of an ellipsoidal mitochondrion  

Right: an electron micrograph of a mitochondrion 

 



4 | P a g e  
 

1.1.2 Energy metabolism 

The OXPHOS pathway (oxidative phosphorylation pathway) is where the 

majority of cellular energy in the form of ATP is produced. The OXPHOS 

pathway is composed of the electron transport chain (ETC) residing on the inner 

membrane and oxidative phosphorylation reaction.  Many enzymes are involved 

in this pathway, including NADH dehydrogenase (complex I), succinate 

dehydrogenase (complex II), cytochrome bc1 complex (complex III), cytochrome 

c oxidase (complex IV) and FoF1-ATP synthase (complex V). The electrons 

generated from glycolysis and citric acid cycle products like NADH or FADH2 

are passed between the first four complexes (I to IV) of the ETC, and this process 

releases energy that is used to pump protons (H
+
) out of the matrix into the inter-

membrane space, establishing an electrochemical gradient across the inner 

membrane (Δψ).  The energy synthesis process couples the proton gradient across 

the membrane generated by the ETC with the phosphorylation reaction of the 

FoF1-ATP synthase converting ADP and inorganic phosphate to ATP (Figure 2).   

Complex I NADH dehydrogenase in yeasts such as Saccharomyces cerevisiae or 

Kluyveromyces lactis are simple enzymes that do not pump protons.   
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Figure 2:  Schematic diagram of the OXPHOS pathway 

During electron transport, protons (H
+
) are pumped from the mitochondrial matrix to the 

inner membrane space through complexes I, III and IV.  This process creates an 

electrochemical gradient across the inner membrane, generating a membrane potential 

(Δψm) that is critical for ATP synthesis, protein import, and ultimately, mitochondrial 

biogenesis.  

In yeast, mtDNA encoded products are indicated with blue arrows and blue texts. 

*Complex I in yeasts does not pump H
+
* 

Image modified from “Biology with Mastering Biology?” 8th Edition, by Neil A. 

Campbell/Jane B. Reece 
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1.1.3 Genome 

The mitochondrial genome varies between humans and yeasts. In human cells, 

mtDNA is circular and about 16.5 kb in length, encoding 13 polypeptides 

essential for oxidative phosphorylation: electron transport chain Complex I - 

seven subunits; Complex III - cytochrome b; Complex IV- three subunits and 

ATP synthase Fo – two subunits.  In addition, human mtDNA also encodes two 

rRNAs and 22 tRNAs necessary for gene expression. mtDNA does not contain 

any intron and exhibits non-Mendelian inheritance, which allows genetic studies 

to distinguish the locations of the genes involved in mitochondrial function. 

However, yeast mtDNA is about 75 kb in size, encoding seven polypeptides 

essential for oxidative phosphorylation: the electron transport chain Complex III - 

apocytochrome b, Complex IV - subunits I, II and III and ATP synthase Fo 

subunits 6, 8 and 9. Additionally, mtDNA encodes one ribosomal protein, a few 

RNA processing proteins, rRNAs, and tRNAs (Figure 2) and even contains 

introns.  The average of mtDNA copies is ~10,000 copies in human cells and 

ranging from 50 to 100 copies per haploid cells in yeast.  

 

1.1.4 Functions 

The mitochondrion is often referred to as the power house of the cell due to its 

ability to synthesize the majority of ATP for cellular activities under aerobic 

conditions. In addition to supplying cellular energy, mitochondria are involved in 

an array of other processes, such as:   

 Calcium storage and signaling [8] 
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 Steroid synthesis [9] 

 Heat production [7] 

 Apoptosis [10] 

 Biosynthesis of certain hemes [11] and iron-sulfur cluster [12] 

 Reactive oxygen species (ROS) production [13] and signaling [14] 

 β-oxidation [15] 

 

1.1.5 Mitochondrial stress and cell death 

With the range of highly specialized functions listed above, mitochondria have a 

variety of life functions within eukaryotic cells.  One could imagine that the 

dysfunction of any one pathway connected to the mitochondria could lead to cell 

viability issues.  Because of this, it is easy to see how mitochondrial dysfunction 

can lead to the variety of progressive neurological, cardiovascular, and muscular 

diseases.   Examples of which include myopathy, adult onset progressive external 

ophthalmoplegia, Parkinson’s disease, Leigh’s disease, aging, and many others.  

The affected sites and processes causing mitochondrial abnormalities vary greatly 

from faulty protein import and turnover to mitochondrial swelling and rupture 

leading to necrosis, cyt c release leading to apoptosis [16], ROS production and 

oxidative damage, and particularly mtDNA mutations and instability.  One of the 

classic inducers of mitochondrial stress leading to cell death is the loss of 

mitochondrial DNA, which will be discussed in more details in the following 

section below. 
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1.2 Petite phenotype and mgi mutations 

Since mtDNA encoded for many components of the ETC and Complex V, mtDNA 

mutations and instability have a direct consequence to the assembly of the OXPHOS 

pathway and the energy metabolism of the cell.   One example of mtDNA instability 

is the petite phenotype that was discovered by Ephrussi over 60 years ago.  In S. 

cerevisiae and some other closely related species, petite colonies can be formed 

spontaneously at a frequency of ~1% each generation [18-23].  They can also be 

induced at a 100% frequency by DNA-targeting drugs like ethidium bromide (EB).  

These petite colonies are incapable of aerobic metabolism due to extensively 

deletion/highly repeat of mtDNA (ρ-) or completely loss of mtDNA (ρ
0
) [17].  In 

other words, the petite-positive yeasts can survive without mtDNA.  However, most 

yeast species do not lose mtDNA on exposure to mutagens [20-22], and are unable to 

grow in the absence of the mitochondrial genome.  They are ρ
0
–lethal and are called 

petite-negative.  

Many studies have revealed some major factors that are responsible for the petite 

mutation when yeasts convert from petite-negative to positive form and vice versa 

[24-29]. 

 

1.2.1 Conversion of petite-negative yeasts to petite-positive forms 

mtDNA is proven to be indispensable for petite-negative yeasts as disruptions of 

nuclear genes required for mtDNA maintenance in K. lactis [30] and 

Schizosaccharamyces pombe [31] resulted in cell death.  However, it is still 

unclear as to why petite-negative yeasts cannot survive without mtDNA.  This 
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raises the question of whether or not they lack the ability to grow fermentatively.  

Later studies have found that petite-negative yeast such as K. lactis remains viable 

on glucose, a fermentable carbon source, and not on non-fermentable substrates 

after disruption of the cytochrome c gene (CYC1) and in other genes involving in 

oxidative respiration, indicating the lack of fermentative respiration ability was 

not a valid explanation for petite-negativity in  K. lactis [24] (Figure 3).  This 

observation also led to the establishment that the electron transport chain is not 

essential in K. lactis.  Furthermore, FoF1 ATP-synthase is also found to be non-

vital for the survival of this petite-negative yeast. When genes encoding for F1 

subunits - α, β, γ, δ and ε- and for Fo subunits -4, 5 and 7- were inactivated, K. 

lactis mutants were also found viable [25, 26, 29, 32, 33].  Even though either the 

ETC or the ATP synthase is dispensable, simultaneous loss of both activities are 

non-tolerable [34].  

 

In 1993, 1995 and 1996, Chen and Clark-Walker had found several mutations, 

termed MGI (mitochondrial genome integrity), occurring at three different 

nuclear genes that convert K. lactis, a natural petite-negative yeast, into petite-

positive.  These phenotypes were similar to S. cerevisiae that survived while 

mtDNA was absent due to treatment with the mtDNA-eliminating drug EB.  In 

subsequent years, the MGI5 gene, encoding the F1 γ-subunit, was identified [28, 

29]. By sequence analysis, the two genes where the first few mutations 

originated from - MGI1 and MGI2 –encode the β- and α-subunits of F1-ATPase, 

respectively.   
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Figure 3:  K. lactis is viable without mitochondrial respiration 

Petite-negative yeast such as K. lactis remains viable on glucose, a fermentable carbon 

source, but not on non-fermentable source like glycerol, after disruption of the 

cytochrome c gene (CYC1) and also in other genes involving in oxidative respiration.   
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The common feature of these mgi mutations was that they occurred on the 

interface between α- and γ-subunits or between β- and γ-subunits of F1-ATPase 

(Figure 4).  These mgi mutants are capable of suppressing ρ
0
-lethality, one of the 

most extreme mitochondrial stress conditions, as subunits from Complex III and 

IV of the electron transport chain and three of the Fo complex subunits are 

encoded by mtDNA. These mutations were initially speculated to be capable of 

preventing the collapse of the inner membrane potential upon the loss of 

mtDNA-encoded three Fo subunits which creates a leaky proton pore, by altering 

the interaction between mutant F1 with the rest of the Fo subunits remaining in 

the membrane [25].  However, when three other nuclear encoded Fo subunits 

(ATP4, 5 and 7) are disrupted in K. lactis carrying mgi mutation, the suppressor 

phenotype on EB medium is intact [29].  This suggests that the ρ
0
-lethality 

suppression activity of mutant F1 is independent of the Fo portion. These 

mutations are then believed to stabilize the F1-ATPase portion, as the F1 carrying 

an mgi mutation could assemble and function as an ATPase without the presence 

of Fo complex [29].  Additionally, as mentioned earlier, the mgi mutated amino 

acids situate on the interface of α and γ or β and γ, suggesting a change in 

subunit-subunit interaction within the F1 subcomplex that might contribute to the 

robust ATP hydrolysis.  Moreover, mutant F1 seems to have a lower Km for ATP 

than the wild type enzyme [35], allowing ATP hydrolysis to take place more 

readily when concentration of ATP is much lower in the matrix.  Lastly, the mgi 

mutations were also found to either affect substrate binding or reduce the steric 

hindrance of β-subunit while γ rotates in the α3β3 core [36].  
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Figure 4:  Locations of the mgi mutations 

The mgi mutations occur in F1-ATPase at the interface of α and γ or β and γ. 



13 | P a g e  
 

1.2.2 Our current survival model 

The question then becomes “What changes do these mgi mutants bring about that 

allow the cells to survive the loss of mtDNA?”. The widely accepted model is that 

the mutant F1-ATPase reverses its activity.  In ρ
0
 yeast cells, Fo is eliminated due 

to the loss of the mtDNA-encoded subunits 6, 8 and 9.  The soluble mutant F1 

remains active in the matrix in hydrolyzing ATP
-4

 - generated in the cytosol by 

glycolysis- to ADP
-3

.  This process couples with the reverse transporting of ATP
-4

 

into the matrix and ADP
-3

 out via ANT (Adenine Nucleotide Translocase), 

keeping the matrix more negatively charged than the inter-membrane space, thus 

maintaining enough inner membrane potential for cell survival (Figure 5). This is 

crucial to the petite-negative yeasts as mitochondrial biosynthesis is affected 

without membrane potential, consequently disturbing growth and eventually 

leading to cell death. 
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Figure 5:  The survival model 

 

 

Figure 6:  Schematic representation of yeast mitochondrial ATP synthase 
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1.3 ATP synthase: structure and function 

The yeast ATP synthase consists of two well-defined domains: the membrane bound 

Fo domain and the matrix soluble F1 domain.   According to Figure 6, Fo consists of a 

subunit 9-ring (10 copies), and one copy each of subunits 8, 6, 4 (or b), d and the 

oligomycin sensitivity-conferring protein (OSCP).  Subunits b, d and OSCP make up 

the peripheral stalk which lies at the side of the whole complex.  Other smaller 

subunits spanning the membrane belonging to the Fo domain are e, f, g, h, I and k 

[37].  As mentioned earlier, three major Fo subunits 6, 8 and 9 are encoded by 

mtDNA.  As for the soluble F1 complex, one copy each of subunits γ, δ and ε 

constitute the central stalk, as well as three copies of each subunits α and β arranging 

in an alternate manner around γ-subunit.  Both α and β subunits have nucleotide 

binding site, but only β subunits contain the catalytic sites.  The detailed crystal 

structure of the majority of the F1 domain from bovine has been resolved by X-ray 

crystallography by Abrahams et al. in 1994 [38]. 

 

The structure of the ATP synthase closely relates to its function, which is mainly to 

synthesize ATP from ADP and inorganic phosphate (Pi).   According to the “binding-

change” mechanism [39], which describes ATP synthesis at the catalytic sites that 

switches cooperatively through conformational change caused by the clockwise 

rotation of the γ-subunit, in which ADP and Pi bind, ATP formed and then released.  

The rotation of the γ-subunit within the F1 α3β3 hexamer was in part caused by the 

rotation of the 9-ring when protons pass through Fo via subunit 6 using energy 

released from the proton gradient across the membrane.   This process is called 

“rotary catalysis” [40].  The ATP hydrolysis uses the same pathway, but in the 
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reverse manner [41].  It is generally believed that γ-subunit dictates this mechanism, 

because the rotary angle of γ determines which reaction is to occur in each catalytic 

site: binding/releasing of ADP plus Pi, synthesis/hydrolysis of ATP or 

releasing/binding of ATP [42].  However, several studies of F1-ATPases capable of 

hydrolyzing ATP in vitro in the absence of γ-subunit present strong evidences to 

challenge this belief and provide new insight into the evolution of this important rotor 

enzyme. 

 

1.4 γ-less F1 – ATPase  

As the catalytic portion of the ATP synthase complex, without being bound to Fo, F1-

ATPase is free to perform the reverse reaction of hydrolyzing ATP into ADP and Pi.  

F1 consists of nine polypeptides with the stoichiometry of α3β3γδε, with α3β3 as the 

catalytic core, capable of at least 20% of ATPase activity in the Thermophilic 

bacterium PS3, as reported by Miwa and Yoshida in 1989 [43].   A few months 

earlier, Kagawa et al. described the assembly (319 KDa) and ATPase activity of the 

α3β3 complex from the same organism Thermophilic bacteria, with about 25% activity 

compared to αβγ complex.   The α3β3 complex, however, could easily dissociate when 

diluted, but the enzymatic reaction could be recovered by the addition of γ.  This 

indicated the instability, yet achievability of the α3β3 complex without the presence of 

γ in this species [44].   In 2011, the Noji group gave the evidence of the rotary 

catalysis of Thermophilic Bacillus sp. PS3 F1-ATPase without its rotor - subunit γ - 

using high-speed atomic force microscopy.  Their experiments confirmed that only 

two β-subunits can assume the closed conformation and the ATP hydrolysis is well 
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coupled with the open-to-closed transition of β, showing the intrinsic cooperativity 

among the enzyme hexameric subunits.  Their results also proved that the α3β3 ring 

alone possesses high cooperativity for the “sequential power stroking” among three 

catalytic β’s.  This observation disqualifies the “γ-dictator” model which believed that 

only the interaction with γ determined the conformational and catalytic states of β-

subunits as mentioned earlier.   In conclusion, the γ central stalk is no doubt very 

important for the assembly and rapid activity of the F1-ATPase enzyme, but it is not 

absolutely required and is proven to be dispensable [1]. 

 

1.5  Screening for γ-less mutants: sym mutations  

In order to find novel pathways to suppress mitochondrial stress in K. lactis, 

specifically the loss of mtDNA or ρ
0
-lethality, our lab looked into other angles which 

may not involve F1 and its subunits.  Chen and coworkers sought ethidium bromide 

resistant (EB
R
) colonies from CK204 (MATa adeT-600 uraA1 atp3::URA3), a K. 

lactis petite-negative strain unable to form petite colonies on EB plates for the ATP3 

gene encoding the γ protein was disrupted by insertion of URA3 gene via plasmids 

[25] (submitted).  It was assumed that without γ-subunit, F1 may not operate as an 

ATPase, which may enable us to discover suppressor mutations outside of F1.   

Experiments were set out to isolate mutations that can suppress ρ
0
-lethality from K. 

lactis in the absence of typical F1-ATPase.  Genetic analyses were done on four EB
R
 

atp3:URA3 strains.  One mutation in the ATP1 gene, designating atp1-7, and one 

more in the ATP2 gene, designating atp2-10 were found (Figure 7B).  With the 

intention of answering the question whether the ATP1 and ATP2 genes, encoding α 
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and β subunits of F1-ATPase respectively, have been altered with the disruption of 

ATP3 synergistically giving the petite-positive phenotype, the wild-type ATP1 and 

ATP2 were reintroduced back into the respective mutants via plasmid transformation.  

The resulting genotypes could barely suppress the petite-negativity phenotype when 

dropped onto EB plates, suggesting that somehow α or β subunit mutants could 

survive with the γ-less F1, and not the wild type α or β subunits.  Moreover, when the 

γ-subunit was present, the in vivo suppressor activity of the mutant alleles was 

partially inhibited.  It seemed like the suppression of ρ
0
-lethality by the atp1-7 and 

atp2-10 alleles was much more effective in the γ-less arrangements (Figure 7A). 

After amplifying and sequencing of the individual mutant ATP1 and ATP2 genes, the 

following mutations were identified:  

 sym2.1: Phe446Ile 

 sym1.1: Gly419Asp 

Both amino acids αPhe446 and βGly419 locate on the N-terminal edge of the 

DELSEED loop of α and β subunit that are highly conserved in organisms from 

bacteria to humans during evolution (Figure 8A and 8B).   

The two small δ and ε subunits were also found dispensable to the ρ
0
-lethality 

suppressing ability.  Disruption in either δ and ε genes or even triple disruption of γδε 

had similar effect as the Δγ, rendering the mutants respiratory deficient, yet still be 

able to survive on YPD medium supplemented with EB (see Appendix). 

Since it was found previously that the α3β3 core could achieve some level of ATPase 

activity in Thermophilic bacteria PS3 [43, 44], it was speculated that the atp1-7 
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(sym2.1) and atp2-12 (sym1.1) mutations in the α and β subunits may increase the 

ATP hydrolysis activity of the γ-less F1 subcomplex compared to the wild-type α and 

β subunits counterpart.  To test this idea, isolated mitochondria of various yeast 

strains were used to measure ATPase activity in the absence and presence of 

oligomycin as an ATP synthase inhibitor.  As shown in Table 1, the activity was 

increased to 21.7% and 44.6% in γ-less strains containing mutation atp1-7 and atp2-

12 respectively compared to negative control Δα strain.  These activities were 

consistently not oligomycin sensitive as the γ-less complex would be independent of 

the Fo portion where oligomycin binds. 

Smith and Thorsness have previously reported a similar mutation of βG227S in S. 

cerevisiae F1-ATPase suppressed the slow growth phenotype of ATP3-disrupted cells 

[45].  Their findings were consistent with ours in term of our current survival model 

stating that cell survival would require a robust ATP hydrolysis by F1 to maintain 

sufficient Δψm.  The γ-less F1 alone was unlikely to be effective in ATP hydrolysis, 

but it might be increased by the βG227S mutation.  They have indeed found that the 

ATPase activity was increased from 5.6% of the wild-type F1 to 19% to mutant F1 

containing the βG227S allele.  They proposed that since this mutation located close to 

the conserved arginine-finger domain of the catalytic site, it might potentially 

increase ATP hydrolysis in the absence of the γ-subunit.  
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(Chen, unpublished) 

Figure 7:  Growth phenotype of K. lactis cells on YPD + EB medium 

A. Growth phenotype of K. lactis cells on EB medium that eliminates mtDNA. 

(Cells were grown in YPD medium, diluted in water to equal density and 

spotted on the YPD medium supplemented with EB. The cells were then 

incubated at 28°C for seven days before photographed) 

B. Growth of γ-less mutants on YPD + EB versus wild type K. lactis 
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A. Comparison of amino acid 

sequences from various 

organisms in the DELSEED loop 

regions where the Klatp1-7 and 

Klatp2-12 mutations occur. The 

DELSEED loop sequences are 

highlighted in pink. 

 

 

 

B. Crystal structure of the 

33 core of F1-ATPase from 

Thermophilic Bacillus PS3.  

Only half of the symmetric 33 

core is shown. (The DELSEED 

loops are highlighted in pink and 

the N-terminal -helix preceding 

the DELSEED loops are shown 

in green. The amino acids F398 and G388 correspond to F446 and G419 

that are mutated in the K. lactis atp1-7 and atp2-12 mutants).

Figure 8:  Location of the sym2.1 and sym1.1 mutations 
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      ATPase activity*** 

Strain Genotype  Growth on EB ------------------------------------------------------------------------------------ 

     - Oli*  +Oli* F1-d**   F1-d/WT 

 

PM6-7A WT   - 1.78 ± 0.10  0.42 ± 0.10 1.57  100% 

 

CK196/1 atp1   - 0.21 ± 0.0  0.21 ± 0.01 0   0% 

 

CK306    - 0.29 ± 0.01  0.22 ± 0.01 0.08  5.1% 

 

CW15-6C atp1-7   - 2.13 ± 0.04  0.56 ± 0.01 1.92  122.3% 

 

CK308 atp1-7,    + 0.55 ± 0.07  0.46± 0.01 0.34  21.7% 

 

CW14-4D atp2-12   - 3.75 ± 0.09  0.56 ± 0.04 3.54  225.5% 

 

CK307 atp2-12,    + 0.91 ± 0.12  0.87 ± 0.16 0.7  44.6% 

 

CK314-2B atp2-12, atp1-7   - 0.38 ± 0.0  0.31± 0.01 0.17  10.8% 

 

CK326 atp2-12, atp1-7,     0.44 ± 0.03  0.29 ± 0.01 0.23  14.6% 

__________________________________________________________________________________________________________________ 

* The values are averages of three independent experiments with the standard deviations indicated. ** F1-dependant ATPase activity, 

deduced by total ATPase activity subtracted by the non-F1 ATPase activity CK196/1.  *** ATPase activity is expressed as μmol ATP 

hydrolyzed/min/mg protein. 

Table 1:  ATP hydrolysis activity of intact mitochondria  
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1.6 Objectives of the project 

Even though studies of ρ
0
–lethality and petite mutation in yeasts have been 

undertaken for over half a century, many questions remain to be answered.  The main 

objective of this project is to biochemically analyze the F1-ATPases in vitro that have 

novel mutations in α and β subunits but lacking the rotor γ-subunit.  These enzymes 

allow the survival of the petite-negative yeast K. lactis in ρ
0
 condition.  By such 

studies, it is hoped to achieve a better understanding of how these mutations can help 

petite-negative yeasts tolerate the elimination of mtDNA and to gain insight into the 

underlying activity of proteins involved in petite viability. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Yeast strains 

A summary of K. lactis strains used in this study is shown in the result chapters. 

2.2 Escherichia coli strain  

The E. coli DH5α (F’, φ80dlacZΔM15, Δ(lacZY A-argF)U169, deoR, recA1, endA1, 

hsdR17 (rk
-
, mk

+
), phoA, supE44λ-thi-1, gyrA96, relA1) was used as a host for 

plasmid amplification. 

2.3 Plasmids  

The integrative plasmid pCXJ4, containing URA3 and LEU2 marker (Chen XJ, 

unpublished) was employed for chromosomal integration (see Figure 9 on page 48) 

2.4 Primers  

The designed primers were purchased from IDT (Integrated DNA Technologies, 

Coralville, Iowa). Restriction enzyme sites were included at the 5’-end of some 

primers for cloning purposes. Primers were also designed to contain mutations as 

necessary.  

2.5 Media 

YPD 

1% Yeast extract, 2% Bacto peptone, 2% Glucose (Fisher Scientifics, New 

Hampshire, USA)  
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Minimum Medium (SD) 

6.7 g/L Bacto-yeast nitrogen base without amino acids (Difco, Detroit, Michigan), 

2%-5% Dextrose (Fisher Scientifics).  

 

Nutrients essential for auxotrophic strains were added at 25 µg/mL for amino acids. 

YPGE 

1% Yeast extract, 2% Bacto peptone, 2% Glycerol, 2% Ethanol (Fisher Scientifics, 

Ultra Pure USA) 

 

YPD + EB 

YPD plus 16 µg/mL ethidium bromide  

 

LB 

1% Tryptone, 0.5% Yeast Extract, 1% Sodium Chloride (Fisher Scientifics) 

 

LB+Amp 

LB plus 100 µg/mL ampicillin (Sigma, St. Louis, Missouri)  

 

Solid medium contains 2% Bacto agar (Fisher Scientifics).  

 

Autoclaving was utilized for sterilized experimental items and reagents. Some 

aqueous solutions, however, were sterilized using membrane filtration.  
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2.6 DNA manipulation 

2.6.1 DNA extraction  

2.6.1.1 Yeast total DNA extraction 

Yeast total DNA was isolated using MasterPure
TM

 Yeast DNA Purification 

Kit (Epicentre). Yeast cells from 3mL overnight culture were harvested by 

centrifugation at 13,000 rpm (table top microcentrifuge) for 2 minutes. 

Pelleted cells were resuspended with 300 µL of Yeast Cell Lysis Solution 

and vortex mixed. The mixture was incubated at 65ºC for 15 minutes and 

then on ice for 5 minutes before 150 µL of MPC Protein Precipitation 

Reagent was added. The mixture was mixed well by vortexing for at least 10 

seconds. Cellular debris was discarded after 10 minutes centrifugation at 

13,000 rpm and the cleared supernatant was mixed thoroughly with 500 µL 

isopropanol by inversion. DNA was collected by centrifugation at 13,000 

rpm for 10 minutes and washed once with 500 µL of 70% Ethanol. After 

removing all ethanol by pipetting, the DNA pellet was dried in a vacuum 

dessicater for 15 minutes and resuspended in 35 µL of TE (10 mM Tris-HCl, 

pH 8 and 1mM EDTA) Buffer.   

2.6.1.2 Plasmid DNA extraction 

Bacterial plasmid DNA was isolated using “QIAprep Spin Miniprep Kit 

(Qiagen). Bacterial cells from 3 mL overnight culture were harvested by 

centrifugation at 13,000 rpm (table top microcentrifuge) for 60 seconds. 

Pelleted cells were resuspended with 250 µL Buffer P1 (RNAaseA added) 

and 250 µL Buffer P2. The mixture was inverted gently to mix before 350 µL 
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Buffer N3 was added and then mixed gently again before centrifugation at 

13,000 rpm for 10 minutes. The clear supernatant was applied to the QIAprep 

Spin column by pipetting. The flow-through was discarded by centrifugation 

for 60 seconds and the column was washed with 750 µL Buffer PE for 60 

seconds. Any residual wash buffer was removed by centrifugation for 60 

more seconds before the plasmid DNA was eluted from the column with 35-

50 µL Buffer EB by centrifugation for 60 seconds.  

  

2.6.2 Agarose gel electrophoresis 

1% Agarose powder (ISC BioExpress) was dissolved in 1X TBE buffer (90 mM 

Tris, 90 mM Boric acid, 1 mM EDTA) by heating until the solution was clear. 4 

µL ethidium bromide at 10 mg/mL was added to and mixed in the warm gel 

solution after pouring into a tray that was fitted with a well-casting comb. After 

the gel solidified, it was submerged in an electrophoresis apparatus containing 1X 

TBE Buffer. The DNA samples were mixed with gel tracking dye (Bromophenol 

Blue) and loaded into sample wells along with appropriate molecular-weight 

marker (λ DNA-HindIII digest). Electrophoresis was performed at constant 

voltage of 100 volts for 1-2 hours depending on the DNA size. DNA bands were 

visualized under UV light and photographed using the MultiDoc-It Digital 

Imaging System.  
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2.6.3 Purification of DNA fragments 

2.6.3.1 DNA purification from agarose gel 

DNA was purified from gel using QIAquick Gel Extraction Kit (Qiagen). 

The gel containing the DNA band of interest was excised using a clean 

scalpel under UV light and weighted on an analytical scale for total weight. 3 

volumes of Buffer QG to 1 volume of gel was added (100 mg ~ 100 µL) 

before incubation at 50ºC for 10 minutes until the gel dissolved. 1 gel volume 

of isopropanol was added and mixed well and the mixture was applied to the 

QIAquick spin column to be centrifuged at 10,000 rpm for 1 minute (table 

top microcentrifuge). The flow through was discarded. The column was then 

washed with 750 µL of Buffer PE and centrifuged for 1 minute at 10,000 

rpm. To remove all trace of ethanol, the column was spun again for 1 minute 

before DNA was eluted out with 30-50 µL Buffer EB by centrifugation for 1 

minute. 

 

2.6.3.2 Purification of DNA reaction solutions 

QIAquick PCR Purification kit (Qiagen) was used to purify DNA from PCR 

and enzymatic reactions. DNA solution was diluted with 5 volume of Buffer 

PB before being applied to a QIAquick column and centrifuged at 10,000 

rpm for 1 minute (table top microcentrifuge). The column was then washed 

with 750 µL of Buffer PE and eluted with 50 µL Buffer EB. 
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2.6.4 In vitro mutagenesis 

The QuikChange Site-Directed Mutagenesis Kit (Invitrogen) was used for in vitro 

mutagenesis. A pair of complementary primers (~20-22 bps) was designed to 

contain the desired mutation in the middle of the sequences. PCR reaction was 

prepared by adding a plasmid to a cocktail containing 10X Accu buffer, 125 ng of 

each mutagenic primer, 40 nM dNTP mixture and 2.5 units of Accuzyme DNA 

polymerase to make up a total of 50 µL of reaction volume. The PCR cycling 

parameters were as followed: 

 95ºC for 30 seconds  –  1 cycle 

 95ºC for 30 seconds 

 65ºC for 1 minute    20 cycles 

 68ºC for 11 minutes 

 72ºC for 10 minutes 

After the methylated parental DNA was digested with DpnI restriction enzyme for 

at least 1 hour at 37ºC, the plasmid DNA size was confirmed by 1% TBE agarose 

gel electrophoresis and PCR product was cleaned up and concentrated down to 30 

µL. Then, 5-10 µL of plasmid DNA was then transformed into competent E. coli 

and the cells were spread on LB + Amp agar plates. Plasmids with a mutated gene 

from at least two independent clones were extracted and sequenced (Genewiz, 

South Plainfield, NJ) to verify the correct mutation.  
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2.6.5 Plasmid HIS6 tagging 

Plasmid pCXJ4-MGI1 was double-digested with SalI and SphI for 3 hours at 37 

ºC to release the appropriate fragments including the desired vector of 9.4 kb.  

The vector band was excised and purified after agarose gel electrophoresis. A pair 

of specific primers was designed to include SalI restricted enzyme site in the 

middle of the sequence for the forward primer, and HIS6 tag plus SphI site at the 

end of the sequence for the reverse primer (see Table 3). Plasmid pCXJ4-MGI1 

was then used as template to generate the plasmid containing the desired gene 

insert in a PCR reaction containing the aforementioned primers. The PCR cycling 

parameters were as followed: 

 95ºC for 5 minutes   –   1 cycle 

 94ºC for 30 seconds 

 48ºC for 30 seconds    30 cycles 

 72ºC for 2 minutes 

 72ºC for 10 minutes 

The PCR product was then double-digested again with SalI and SphI to release 

the gene insert fragment of ~1.5 kb that was confirmed on agarose gel 

electrophoresis before being excised and purified. The vector and gene insert were 

then ligated using T4 Ligase at ~10ºC for 4 hours. 10 µL of reaction was 

transformed into competent E. coli cells and plated out on LB+Amp agar plates. 

Plasmid DNA was then harvested from two independent clones and sequenced to 

verify the correct gene sequence and HIS6 tagging. 
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2.6.6 Automated DNA sequencing 

Plasmid DNA concentration was determined using the DU 800 

Spectrophotometer, program “Nucleic Acid Analysis-260/280 Ratio”.  

Concentrated plasmid DNA from E. coli culture at 100 ng/ µL were mixed with a 

cocktail of 25 pmol of primer and distilled/de-ionized water to make up to 15 µL 

total volume. The three sequencing primers were designed to cover the entire 

gene of interest. The mixture was then sent over to Genewiz to be sequenced. The 

sequencing data obtained were analyzed by nucleotide Basic Local Alignment 

Search Tool (BLAST), a free NCBI program.  

 

2.6.7 Polymerase chain reaction 

The following components were combined in a general 25-50 µL PCR depending 

on the purpose of each reaction (e.g. genotyping or mutagenesis): 10X reaction 

buffer, 2.5-40 mM dNTPs (New England Biolabs), 10 pmol of each primer, 25-

100 ng of template DNA, 1-2.5 units of Taq DNA Polymerase and distilled/de-

ionized water. PCR cycles were as followed: denaturation at 95ºC for 30 seconds 

– 5 minutes; annealing for 30 seconds – 1 minute at the appropriate temperature 

for particular primer pair; and extension at 72ºC for 10 minutes for 20-30 cycles. 

After the cycling was finished, the product was stored at 4ºC before used for the 

next step. 
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2.6.8 Yeast transformation 

Yeast transformation was performed by the Li-Ac-DMSO method. 5 mL 

overnight yeast culture was sub-cultured into 100 mL YPD medium and 

incubated at 30ºC on a shaker at 200 rpm for 5-6 hours (2-3 generations) until it 

reached OD600 of ~0.8-1.2. Cells were harvested in a sterile 50 mL centrifuged 

tube at 5,000 rpm for 5 minutes. The pellet was washed with sterile distilled/de-

ionized water and then with 10 mL of TE/LiAc buffer (100 mM LiAc, 10 mM 

Tris-HCl pH 8.0, 1 mM EDTA). After centrifugation, the cells were resuspended 

in 200 µL of the same buffer. For each plasmid transformation, 100 µL of the 

yeast competent cells was transferred to a 1.5 mL microfuge tube and mixed with 

0.5-2.5 µg of linearized plasmid DNA and 50 µg of denatured herring or salmon 

sperm carrier DNA. A negative control tube was employed without any 

transforming plasmid DNA.  The contents were mixed thoroughly with 280 µL of 

PEG solution (50% PEG4000 in TE/LiAc buffer, filter sterilized). After 

incubation at 30ºC for 45 minutes without agitation, 43 µL of DMSO (Sigma) was 

added into the mixture and mixed immediately by inversion. The cells were heat-

shocked at 42ºC for 5 minutes before being collected by centrifugation and then 

washed with sterile distilled/de-ionized water. After letting the cells recover in 1 

mL YPD for an hour at 30ºC, 100 µL of the negative control and transformed 

cells were spread on SD + Ade medium agar plates. 
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2.6.9 E. coli transformation 

Frozen stock of 50-100 µL of competent DH5α E. coli cells was thawed on ice 

before 1-5 µL of plasmid DNA was added into the cells. The mixture was then 

incubated on ice for 5 minutes and spread evenly onto pre-warmed LB+Amp agar 

plates and incubated overnight at 37ºC. For a transformation with higher 

efficiency, the mixture could be incubated on ice for 2.5 minutes, followed by a 

30 seconds heat-shock at 42ºC and replaced on ice for 2 more minutes.  

 

2.6.10  Confirming chromosomal integration via genotyping 

In order to confirm the chromosomal integration of the desired plasmid into the 

leu2 locus of the host strain, total yeast DNA of at least two independent Leu
+
 

transformants was harvested and subjected to a PCR-based genotyping. The 

forward primer was designed as the reverse complement at the promoter of 

ScURA3 gene and the reverse primer as the reverse complement at the end of 

KlLEU2 gene, near the HindIII site (AAGCTT). The cycling parameters were as 

followed: 

 95ºC for 5 minutes   –   1 cycle 

 94ºC for 30 seconds 

 48ºC for 30 seconds    30 cycles 

 72ºC for 2 minutes 

 72ºC for 10 minutes 

The PCR product was subjected to a 1% TBE agarose gel electrophoresis and 

only transformants with a clear band at ~2.7 kb were selected (2.5 kb LEU2 gene 
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+ ~200 kb of vector segment in between the LEU2 and URA3 markers on the 

pCXJ4 vector). 

 

2.7 Protein manipulation 

2.7.1 Mitochondrial extraction from yeasts 

Mitochondria were isolated as described by Boldogh and Pon [46]with minor 

modifications. Yeast cells were grown in high glucose SD medium (5% Dextrose) 

up to OD600 ~ 2-3 before being harvested and washed with distilled/de-ionized 

water by centrifugation at 5,000 rpm for 5 minutes. The total weight of the cell 

pellet was determined before incubation with Tris-DTT (100 mM Tris-SO4 pH 

9.4, 10 mM DTT) for 15 minutes at 30ºC at gentle shaking of 130 rpm. The cells 

were then centrifuged and washed with SP Buffer (1.2 M Sorbitol, 20 mM KPi 

pH 7.4) before being resuspended in the same buffer containing 5 mg Zymolyase 

20T (Seikagaku Biobusiness Corp., Tokyo, Japan) per gram of total cell weight. 

The mixture was incubated with gentle shaking at 30ºC for 1.5 – 2 hours at 200 

rpm to digest the cell walls. To determine the efficiency of the digestion, 10 µL of 

cell suspension was added into two microfuge tubes containing 500 µL of SP 

Buffer and water. After mixing by inversion, the tubes were compared by sight: 

the tube containing water should be clearer as cells without cell walls would be 

lysed in water, but not in SP buffer containing 1.2 M Sorbitol. The spheroplast 

pellet was resuspended in Regeneration buffer (1.2M Sorbitol, 1X 5%D SD 

medium) and incubated at 30ºC for 40-50 minutes at 200 rpm shaking. After 

recovery, the pellet was washed with cold SEH Buffer (0.6 M Sorbitol, 20 mM 
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HEPES-KOH pH 7.4, 2 mM MgCl2, 1 mM EGTA pH 8.0, 1 mM PMSF freshly 

added) then resuspended in the same buffer before being broken with a 40 mL 

Dounce homogenizer (15 strokes per 35 mL).  The homogenate was transferred to 

a fresh container and centrifuged at low speed of 5,000 rpm for 5 minutes at 4ºC.  

The supernatant containing mitochondria was saved and the pellet was subjected 

to the homogenizing and centrifugation process again. All low-speed supernatant 

was then pooled together in 1 container and centrifuged at high speed of 10,000 g 

for 10 minutes at 4ºC. The high-speed mitochondria pellet was resuspended with 

2-3 mL of cold SHE again before being aliquoted into 3-5 tubes and snap-froze 

followed by storage at -80ºC. 

 

2.7.2 F1-ATPase pull-down 

2.7.2.1 Sonication of intact mitochondria 

Crude mitochondria were resuspended in Sonication buffer (0.25 M Sucrose, 

20 mM HEPES-KOH pH 7.4, 5 mM ε–amino caproic acid, 1 mM EDTA, 

and 1 mM PMSF) at a ratio of 1:2 by volume. Sonication was performed on 

ice 4 times for 1 min, followed by 1 min rest intervals. Inverted mitochondria 

solution was centrifuged at high speed 6,400 rpm at 4°C for 5 to 10 min. The 

supernatant was collected before being subjected to Ni-bead 

chromatography. 
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2.7.2.2 Ni-NTA chromatography 

Supernatant of the sonication solution described above was added to Ni-NTA 

slurry containing 50% beads and 50% buffer A (0.05 M NaCl, 0.25 M 

Sucrose, 20 mM HEPES-KOH pH 7.4, 5 mM ε–amino caproic acid, and 1 

mM PMSF + 3% Buffer B (0.1 M imidazole, 0.05 M NaCl, 0.25 M sucrose, 

20 mM HEPES-KOH, pH 7.4, 5 mM ε–amino caproic acid, and 1 mM 

PMSF)) at the ratio of 60:1 by volume per sample solution to Ni-NTA slurry. 

The solution was gently rocked at 4°C for 4-5 hr before centrifugation at 

2000g for 1 min at 4°C. The beads were washed twice with Buffer A 

containing 3% Buffer B, and HIS6-tagged proteins were eluted from the Ni-

beads 4 times using 0.3 mL Buffer B per elution. 

 

2.7.3 Size exclusion chromatography 

HIS6-tagged γ-less F1-ATPases were prepared as described above with some 

minor changes: 

 Sonication buffer used to resuspend crude mitochondria contained no 

EDTA to prevent the stripping of Ni from the NTA beads. 

 Sonication was shorter, 4 times at half-cycle for 30 sec each. 

 Inverted mitochondria solution was centrifuged at 13,000 rpm at 4˚C for 

30 min 

 0.5 mL of Ni-NTA beads was used instead of 60:1 by volume 

 Proteins were eluted 6 times with 500 µL of Buffer B containing 200 mM 

Imidazole instead of 100 mM 
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Proteins were concentrated and analyzed by size exclusion chromatography on a 

calibrated Superdex 200 10/30 column using buffer containing 0.05M NaCl, 20 

mM HEPES-KOH, pH 7.4, 5 mM -amino caproic acid, 1 mM DTT, 1 mM ATP, 

0.25 M Sucrose and 1 mM EDTA.  Peak fractions were analyzed by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western 

Blot. 

 

2.7.4 Bradford protein analysis 

Bradford protein analysis was used to determine protein concentration based on a 

standard curve of known bovine serum albumin (BSA) concentrations. BSA with 

gradual concentration of 0, 2, 5, 10, 15, 20 and 25 µL were added into seven 

microfuge tubes containing 1 mL each of Bradford Reagent (Biorad) and 

incubated for 5 minutes at room temperature. The DU 800 Spectrophotometer 

program “Protein Assay Analysis” was used to read the optical density at 595 nm 

and generated a standard curve of OD versus BSA concentration. 5-10 µL of pull-

down protein sample was then added to 1 mL of Bradford Reagent and incubated 

for 5 minutes before OD595 reading and protein concentration determined 

automatically by the program. For crude mitochondria protein concentration 

determination, mitochondria were first solubilized using 0.5% Triton to a final 

concentration of 0.04% and incubated on ice for at least 10 minutes before adding 

to Bradford Reagent. All dilution factors were recorded and used to calculate the 

correct concentrations after being read with the DU 800 Spectrophotometer at 

OD595. 
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2.7.5 Polyacrylamide gel electrophoresis 

2.7.5.1 SDS-PAGE of pull-down F1 and mitochondria 

SDS-PAGE was used to separate proteins according to their electrophoretic 

mobility. Protein sample of 1-5 mg/mL was denatured at 95ºC for 5 minutes 

with 3X SDS loading buffer (187.5 mM Tris-HCl pH 6.8, 6% (w/v) SDS, 

30% glycerol, 0.03% (w/v) bromophenol blue and 1mM β-Mercaptoethanol) 

and loaded onto a 12% , 1 mm acrylamide gel, together with 4 µL of 

PageRuler Prestained Protein Ladder (Thermo Scientifics). The gel was run 

in 1X SDS Running buffer (25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS) 

for 2-3 hours at 120V. The gel was then subjected to either Coomassie Blue 

staining or Western Blot procedure.   

 

2.7.5.2 BN-PAGE of pull-down F1 and mitochondria 

Blue-Native PAGE (BN-PAGE) was performed using the Life 

Techonologies (Carlsbad, California) NativePAGE™ Novex® Bis-Tris Gel 

System as recommended by the manufacturer. The Ni-NTA column pull-

down products were separated on a 3-12% polyacrylamide gradient gel at 

4°C. The final concentration of NativePAGE G-250 sample additive used 

was 0.5%. No other detergent was needed. For BN-PAGE of mitochondrial 

lysate, the final concentration of digitonin to solubilize mitochondria was 

2%, and the concentration of NativePAGE G-250 sample additive used was 

1/3 of digitonin concentration. Two running conditions were used: 
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 150V for 1 hour with Dark Cathode Buffer (5% 20X NativePAGE 

Running buffer, 5% 20X Cathode buffer additive), and then 250V for 

45 minutes with Light Cathode Buffer (5% 20X NativePAGE 

Running buffer, 0.5% 20X Cathode buffer additive), on ice. 

 15V overnight with Dark Cathode Buffer, and 25V for 4-5 hours with 

Light Cathode Buffer, at 4˚C. 

The gel was then removed from its cast to be subjected to either fixing (40% 

methanol, 10% acetic acid) and staining (8% acetic acid), or to Western Blot 

procedure. 

2.7.5.3 CN-PAGE of pull-down F1 

Protein sample was mixed with 0.1 volume of Loading Buffer (50% Glycerol 

and 0.1% Ponceau S) and subjected to electrophoresis using the same 

protocol as Blue-Native PAGE, except in Clear Native PAGE (CN-PAGE) 

the Cathode Buffer contains no G-250 Coomassie Blue (50 mM Tricine, 7.5 

mM Imidazole, pH 7.0).  Ponceau S is a sodium salt of a diazo dye that is 

often used to prepare a stain for rapid reversible detection of protein bands on 

nitrocellulose or PVDF membranes.  The gel was run at a constant 150V for 

4 hours and incubated in the Denaturation Buffer (48 mM Tris base, 39 mM 

Glycine, 20% Ethanol, 1% SDS) for 10 min at RT, then subject to Western 

Blot. 
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2.7.6 Western Blotting  

2.7.6.1 Protein transfer 

Proteins were transferred from within the gel onto a polyvinylidene 

difluoride (PVDF) membrane using the Bio-Rad electroblotting system 

(California, USA). The PVDF membrane was place on top of the gel, which 

resided in between layers of filter papers and sponges. Once the stack is 

prepared, it was placed in the transfer system containing 1X Transfer buffer 

(25 mM Tris, 192 mM Glycine, 20% Methanol) and was run at 30V 

overnight.  

 

2.7.6.2 Protein blotting preparation 

After the protein transfer, the PVDF membrane was blocked with 5% non-fat 

dry milk in 1X TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 

20) with gentle shaking for 1-3 hours depending on the type of the gel used 

(e.g. SDS-PAGE blot only required 1 hour, but BN-PAGE blot required 3 

hours to wash off as much Coomassie Blue as possible). The membrane was 

then probed with antibodies against α- and anti-β subunit of yeast F1-

ATPases (antibodiess obtained from Dr. Jean Velours) for 1 hour at a 

concentration of either 1:2000 or 1:4000 depending on the intensity of the 

signal from a previous experiment. Secondary antibodies used were 1:3000 

anti-rabbit IgG, for 1 hour. Washing steps of 10 minutes, 5 minutes and 5 

minutes were done in between each incubation to remove any trace of 

previous reagents.  
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2.7.6.3 Detection procedures 

Signals were detected by enhanced chemiluminescence (ECL) method using 

Lumi-Light Western Blotting Substrates (Roche, USA) for 5 minutes before 

the films were developed using a digital scanner (Kodak, Rochester, NY)  

 

2.7.7 ATPase activity assays 

2.7.7.1 Assays of ATPase activity by colorimetric detection of Pi released 

ATPase activity was measured as described in Taussky & Schorr (1953) with 

modifications.  10-30 µL of pull-down F1-ATPase or mitochondria were 

added to 0.5 mL of Standard assay medium (50 mM Tris-OAc, pH 8.5, 10 

mM ATP, 4 mM MgOac) with or without 1 mM Azide. The reactions were 

incubated for 10-30 minutes before quenching with 10% SDS at 30ºC. All 

samples were vortexed gently to avoid inactivation of enzymes. The T&S 

reagent (10% FeSO4, 1.2 N H2SO4, 1.2% Molybdate) was made fresh for 

single time use for a consistent standard curve. ATPase activity is expressed 

as µmol ATP hydrolyzed/min/mg protein.  

 

2.7.7.2 In-gel staining ATPase activity assay 

After BN-PAGE of intact mitochondria was run, the gel was incubated 

overnight with a buffer containing 50 mM Glycine, 10 mM MgATP and 

0.15% Lead acetate. The reaction yielded Lead Phosphate as a deposit of 

white band in the gel which was then scanned on a dark background for 

contrast.   
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2.8 Enzymatic reactions 

2.8.1 Restriction enzyme analysis 

Restriction enzyme digestion was performed by incubating double-stranded DNA 

with appropriate units of one or two restriction enzymes in their recommended 

reaction conditions based on the New England Biolabs’ manual, in a total volume 

of 15-200 µL, at 37ºC for 2.5 – 3 hours.  

 

2.8.2 DNA ligation  

DNA ligation was performed by incubating a DNA gene insert fragment with 

appropriately linearized cloning vector in the presence of 10X T4 Ligation buffer, 

distilled/de-ionized water and T4 DNA Ligase to a total volume of 20 µL, at 

~10ºC for ~4 hours. The ligation product was transformed into 100 µL of E. coli 

competent cells and spread onto LB+Amp agar plates.  

 

2.9 Drop-test 

Single colonies were chosen for the drop test. A touch of cells using a sharp and 

sterile toothpick was well resuspended into 200 µL of sterile distilled/de-ionized 

water in a 96 well plate by swirling the toothpick and pipetting for at least 10 times 

before a 1:5 dilution of five subsequent wells were made. Aliquots of 2 µL of each 

dilution were spotted onto testing medium and plates were incubated for various 

periods of time (2-6 days) at 30ºC before being photographed. 

 



43 | P a g e  
 

2.10  Computer analysis 

DNA and protein concentration analyses were carried out using the DU 800 

Spectrophotometer programs. Sequence alignments of predicted proteins and genes 

were performed by the BLAST program obtained from the NCBI website 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Protein structures were examined using the 

Protein Data Bank (PDB) from the Research Collaboratory for Structural 

Bioinformatics (RCSB) (http://www.rcsb.org/pdb/home/home.do) and Weblab 

ViewerPro 3.7 software (Molecular Simulations Inc.) 

 

2.11  Culture storage 

Yeast strains were grown on YPD or SD+Ade agar plates at 30ºC for 1-5 days before 

cells were scraped with plat-end toothpicks and mixed in a medium containing YPD 

medium + 10-15% Glycerol in cryovials which were stored in a -80ºC freezer. To 

recover a strain from a glycerol frozen stock, a sterile sharp-end toothpick was used 

to scrape from of the frozen cells and streaked onto an agar plate. 
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CHAPTER 3: PURIFICATION AND ANALYSIS OF -LESS F1-

ATPASES 

3.1 Introduction 

Our genetic and biochemical data provided strong in vivo evidence for a robust ATP 

hydrolyzing activity by -less mitochondrial F1-ATPases even though the exact 

mechanism remains to be determined.  In order to biochemically examine the γ-less 

F1-ATPases in vitro for possible assembly state and ATPase activities, appropriate 

mutant strains need to be constructed and the enzymes need to be successfully 

extracted from the mitochondrial matrix.  Starting with a double mutant strain of γ 

and α knockout, an integration plasmid containing the ATP1 gene with or without the 

sym mutation will be transformed into the double mutant strain. There’s an addition 

of a tag of six Histidine residues at the C-terminal of the α-subunit to facilitate Ni 

beads binding when F1-ATPases are extracted.  The plasmid is linearized at the ClaI 

site and integrated into the nuclear genome at the LEU2 gene (see Figure 9).  The 

transformants obtained will go through replica plating to select for stable colonies, 

PCR genotyping to confirm the integration of the plasmids and EB drop test to select 

for the strongest EB
R
 phenotypes.  After mitochondria are extracted from yeast cells, 

they are sonicated to release the inner contents.  HIS6-tagged enzymes are then pulled 

down via Ni-NTA beads extraction, and subjected to biochemical assays such as 

SDS-PAGE, BN-PAGE, CN-PAGE, Western Blot and ATPase activity assay by 

colorimetric detection of inorganic phosphate released.  
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3.2 Yeast strains, plasmids and primers 

Table 2:  Strains of K. lactis used in the study of γ-less HIS6-tagged F1-ATPases 

Strain Genotype Source 

CK316-8A 

MATa adeT-600 uraA1 leu2 atp2::URA3 

atp3Δ::URA3 

Chen XJ, 

unpublished 

CK333 

MATα ade1 adeT-600 uraA1 leu2 atp1Δ::kan 

atp3Δ::URA3 

Chen XJ, 

unpublished 

PM6-7A MATa adeT-600 uraA1 Chen et al. 1992 

TL1/1 

MATα ade1 adeT-600 uraA1 leu2 atp2Δ::kan 

atp3:URA3 leu2::pCXJ4-MGI2HIS/7/ClaI 

This study 

TL2/6 

MATα ade1 adeT-600 uraA1 leu2 atp2Δ::kan 

atp3:URA3 leu2::pCXJ4-sym2.1(atp1-7)HIS/1/ClaI 

This study 

TL3/4 

MATα ade1 adeT-600 uraA1 leu2 atp2Δ::kan 

atp3:URA3 leu2::pCXJ4-MGI2/ClaI 

This study 

TL5/1 

MATα ade1 adeT-600 uraA1 leu2 atp2Δ::kan 

atp3:URA3 leu2::pCXJ4-MGI1/1/ClaI 

This study 

TL8/3 

MATα ade1 adeT-600 uraA1 leu2 atp2Δ::kan 

atp3:URA3 leu2::pCXJ4-MGI1HIS/1/ClaI 

This study 

TL9/3 

MATα ade1 adeT-600 uraA1 leu2 atp2Δ::kan 

atp3:URA3 leu2::pCXJ4-sym1.1(atp2-12)HIS/1/ClaI 

This study 
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Table 3:  Plasmids used in this study  

Plasmid Description 

pCXJ4-MGI2 Integration plasmid containing ATP1  

pCXJ4-MGI2HIS Integration plasmid containing ATP1HIS6  

pCXJ4-sym2.1HIS Integration plasmid containing atp1
F446I

HIS6  

pCXJ4-MGI1 Integration plasmid containing ATP2  

pCXJ4-MGI1HIS Integration plasmid containing ATP2HIS6  

pCXJ4-sym1.1HIS Integration plasmid containing atp2
G419D

HIS6  

 

Table 4:  Primers used in this study 

Primer Sequence (5' 3') 

MGI2-SEQ1 TTC GTT CTT AGA ACT CAA TC 

MGI2-SEQ2 AGA GGT CAA AGA GAA TTG AT 

MGI2-SEQ3 ATC AGA CCA GCT ATT AAC GT 

pCXJ4-MGIGenoF TCT TCA ACA CCA CAT ATG CG 

pCXJ4-MGIGenoR GTT CCT CGA TTT CAA AGT AC 

MGI1-SEQ1 TCA ACG TTA TTG GTG AGC CA 

MGI1-SEQ2 TTT GTT GGG TCG TAT TCC AT 

sym1.1MutaF TAT CAT TGC CAT TTT GGA TAT GGA TGA ATT GTC CG 

sym1.1MutaR CGG ACA ATT CAT CCA TAT CCA AAA TGG CAA TGA TA 

MGI1HIS6F CAA GGT TGT CGA CTT GTT 
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MGI1HIS6R 

GGG GGC ATG CCT AGT GAT GGT GAT GGT GAT GAT TAG 

CTT CAG CAG CCA ACT 
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Figure 9:  Diagram of the K. lactis integrative vector pCXJ4 
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3.3 Purification of α-subunit plasmids and construction of β-subunit plasmids  

3.3.1 Purification of α-subunit plasmids 

Diluted amount of plasmids pCXJ4-MGI2HIS/7 and pCXJ4-sym2.1HIS/1 were 

transformed into E. coli DH5α competent cells for amplification and were plated 

out on LB+Amp agar plates overnight. The efficiency of the transformation was 

high (~1000 colonies/plate). Two single colonies of each type were chosen to be 

inoculated in 3 mL LB+Amp liquid medium overnight. 50 µL of plasmid DNA 

was obtained from Miniprep extraction the next day.  DNA concentration was 

determined to have the appropriate amount for sequencing mixture containing the 

3 MGI2 sequencing primers to cover the entire MGI2 (ATP1) gene. The plasmids 

were then sent out for sequencing to verify the proper sequence and mutation. 

After analysis of the gene for the correct sequence, the plasmids were digested 

with both EcoRI and HindIII restriction enzymes to release the MGI2HIS and 

sym2.1HIS gene fragment (~4.5 kb) which was confirmed with 1% TBE agarose 

gel electrophoresis. 50 µL of all three plasmids pCXJ4-MGI2HIS/7, pCXJ4-

sym2.1HIS/1 and pCXJ4-MGI2 were then cut with ClaI in a 200 µL restriction 

enzyme digestion reactions to linearize the circular plasmids for yeast 

transformation. The reactions were cleaned up and concentrated down to 30 µL of 

DNA total. 

3.3.2 Construction of β-subunit plasmids  

Plasmid pCXJ-MGI1 was double digested with SalI and SphI to release the MGI1 

gene fragment (~1.5 kb) and to harvest the vector fragment (~7 kb).  Using 

primers MGI1HIS6F and MGI1HIS6R - containing the HIS6 tag, a stop codon 
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and the SphI site- and plasmid pCXJ-MGI1 as template for PCR, a new gene 

MGIHIS6 fragment was generated.  This new gene fragment insert was then 

harvested by double digestion with SalI and SphI, and ligated with the vector 

fragment above to form the new plasmid pCXJ-MGI1HIS.  Plasmid was amplified 

using E. coli competent cells, purified, digested and confirmed the appropriate 

fragment sizes using gel electrophoresis before being subjected to site-directed 

mutagenesis. PCR of plasmid pCXJ-MGI1HIS template and primers 

sym1.1MutaF and sym1.1MutaR yielded plasmid pCXJ-sym1.1HIS (confirmed 

by sequencing).  

 

3.4 Construction and characterization of the HIS6-tagged strains 

K. lactis strain CK333 (ΔαΔγ) was transformed with linearized plasmids pCXJ4-

MGI2HIS/7, pCXJ4-sym2.1HIS/1 and pCXJ4-MGI2. Due to the slow growing nature 

of this double mutant host strain CK333, the subculture was left overnight at 30ºC 

instead of 5-6 hours. The OD600 of the subculture was higher than the range stated in 

protocol, which might have caused the cells to be older and more difficult to 

transform. However, the efficiency of transformation was not too low (~20 

colonies/plate). The colonies came out slight pink in color on SD+Ade agar plates. At 

least 10 independent single colonies of each type, naming TL1/1 to TL1/10, TL2/1 to 

TL2/10, and TL3/1 to TL3/10, were chosen for other genetic testing below.  

 

Strain CK316-8A (ΔγΔβ) was transformed seven times with linearized plasmids 

pCXJ4-MGI1, pCXJ4-MGI1HIS and pCXJ4-sym1.1HIS to generate strains TL5/1, 
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TL8/3 and TL9/3 respectively with great difficulty.  However, after passing stability 

test and genotyping PCR, these strains showed inconsistent growth on EB
R
 drop-test 

(Figure 10B), as well as other subsequent biochemical procedures such as SDS-

PAGE and Western Blot after three trials.  They were then dropped from the project 

and were speculated to have high frequency of reversion. In addition, the HIS6 tags 

were inaccessible on the β-subunits compared to those on the α-subunits as revealed 

by the pull-down experiment (data not shown). 

 

The aforementioned transformants were streaked out on YPD agar plates and grown 

for 2-3 days at 30ºC. Replica plating from YPD plates to SD+Ade plates was 

performed in order to select for stable transformants. The stable transformants were 

then harvested for total yeast genomic DNA and subjected to the genotyping PCR, 

including DNA from CK333 or CK316-8A for negative control. After the 1% TBE 

agarose gel electrophoresis, transformants with the correct gene fragments of ~2.7 kb 

were selected for the EB
R
 drop test. Dilution of single yeast colonies of selected 

transformants were dropped onto YPD+EB agar plates and incubated over 5 days at 

30ºC. Only the transformants with the strongest EB
R 

phenotype were chosen for the 

biochemical studies and frozen for storage. 

 

To compare the growth of different α-subunit phenotypes, five strains were dropped 

out onto three different media (YPD, YPGE and YPD+EB): PM6-7A, CK333, TL1/1, 

TL2/2, and TL3/4. After two day incubation for YPD and YPGE plates, and four to 

five day incubation for YPD+EB plates, the plates were photographed.  
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Figure 10A shows that, except wild type, all the other strains were respiratory-

deficient due to the loss of γ-subunit (no growth on YPGE plate, a non-fermentable 

carbon source). Also, the growth between TL1/1 and TL3/4 was comparable in all 

types of media, indicating the non-interference effect of the HIS6 tag at the C-

terminus of α-subunit. And lastly, the reintroduction of mutant HIS6-tagged α-subunit 

(sym2.1HIS or TL2/2), but not the wild-type HIS6-tagged ATP1 (MGI2HIS or TL1/1), 

gave a strong suppressing phenotype on YPD+EB medium.  

 

Figure 10B displays the growth comparison between β-subunit mutants with 

inconsistent results on YPD medium. Double mutant CK316-8A (ΔγΔβ) had low cell 

viability and TL8/3 (ATP2HIS) grew too slowly compared to TL5/1 (ATP2), 

indicating some interference of HIS6 tag with cell growth. TL9/3 strain with 

chromosomal integration of sym1.1HIS gene was still the only strain that was able to 

suppress the ρ
0
-lethal phenotype on YPD+EB medium.  

 

These data confirm that the atp1-7 and atp2-12 alleles are sufficient to suppress ρ
0
-

lethality in the absence of γ. 
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A.  Cell growth comparison between K. lactis strains of the α-subunit mutant showing 

that TL2/2 strain with chromosomal integration of sym2.1HIS6 gene, but not ATP1 

(TL3/4) or ATP1HIS6 (TL1/1), into the atp1Δ atp3Δ cells (CK333) suppressed the ρ
0
-

lethal phenotype on YPD+EB medium. 

 

B. Cell growth comparison between K. lactis strains of the β-subunit mutant showing 

inconsistent results on YPD medium 

 

 

 

Figure 10:  Cell growth comparison between γ-less HIS6-tagged mutant strains 
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3.5 Purification of γ-less F1-ATPases 

Several batches of 1L to 3L of high dextrose SD medium (5% dextrose) containing 

TL1/1 and TL2/2 strains were used to isolate crude mitochondria for biochemical 

studies. Mitochondria were diluted in buffer SEH containing PMSF, a serine protease 

inhibitor, to help prevent protein degradation. All mitochondria were stored at -80ºC 

before being subjected to subsequent procedures. 

 

Crude mitochondria stored at -80ºC were sonicated to help release the soluble F1-

ATPases portion in the matrix into solution. The F1-ATPases with HIS6 tags were 

captured by Ni-NTA beads in Ni-column chromatography procedure, and then eluted 

with 100 mM Imidazole after two wash steps containing 3 mM imidazole to remove 

other non-specific weaker bindings. The final products were stored at -20ºC for other 

successive assays. 

 

Both mitochondria and pull-down F1-ATPase products were measured for protein 

concentration based on standard curves generated by the DU 800 Spectrophotometer 

at absorbance of 595 nm. Protein concentration of mitochondria obtained varied 

between batches but in average, the concentration was ~3-4 mg/mL. The 

concentration in the pull-down products was much lower, less than 1 mg/mL.  

 

The pull-down ΔγMGI2HIS and Δγsym2.1HIS mutant protein products obtained 

were subjected to SDS-PAGE in order to separate protein complexes in dissociated 

state and to determine their sizes. The amount of protein loaded onto the gel was 

normalized based on protein concentration analysis. To visualize the protein bands, 
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SDS-PAGE gels were either stained with Coomassie Brilliant Blue dye or were 

transferred onto a PVDF membrane for Western Blot using antibodies against both 

yeast F1-ATPases α- and β-subunits.  

 

Figure 11A shows the Coomassie Blue stain of an SDS-PAGE gel of only 

Δγsym2.1HIS mutant containing F1-ATPase α-subunit band at ~59 kDa and β-subunit 

band at ~54 kDa. The third band at ~40 kDa was assumed to potentially be a 

chaperone that was pulled down together with α- and β-subunits. However, after 

proteomic identification, it turned out to be contaminants, consisting of mostly K. 

lactis alcohol dehydrogenase (ADH), a few other proteins from human and E. coli, 

and a trace amount of K. lactis ATP synthase β-subunit (analyzed by the SUNY 

Upstate Proteomics Core Facility).  However, since only the first batch of pulled-

down enzyme had enough protein concentration for the bands to be visualized with 

Coomassie Blue stain, it is not certain if the third band of ADH will not show up 

again in other batches of enzyme.  If this is the case, ADH may play a certain role and 

be physiological relevant to be pulled down together with the F1 subunits.  More 

experiments are needed to examine this possibility in the future. 

 

Western Blot image in Figure 11B also reveals consistent result of two bands at the 

corresponding sizes of F1-ATPase α- and β-subunits in both ΔγMGI2HIS and 

Δγsym2.1HIS samples.  It was noted that the amount of α- and β-subunits in each 

experiment varied considerably depending on the batch of pull-down proteins, and 

also among the control ΔγMGI2HIS and mutant Δγsym2.1HIS from the same 
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experiment itself.  These results indicated that β-subunits were pulled down together 

with the HIS6-tagged α-subunits in both ΔγMGI2HIS and Δγsym2.1HIS signifying an 

assembly of the subcomplex α/β in vivo and possibly in vitro.   
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A. SDS-PAGE gel with Coomassie Blue stain of only Δγsym2.1HIS protein showing 

two bands at corresponding molecular weights of F1-ATPase α- and β-subunits. The 

third (lowest) band is possibly a contamination (mostly alcohol dehydrogenase and 

other proteins from human and K. lactis). 

B. Western Blot analysis of the SDS-PAGE gel of both ΔγMGI2HIS and Δγsym2.1HIS 

F1-ATPase proteins showing the co-purification of the β-subunits with His-tagged α-

subunits after Ni-column chromatography. 

These SDS-PAGE gels are from two different pull-down preparations.  The samples are 

not the same, with different protein concentrations.  

Figure 11:  SDS-PAGE and Western Blot of γ-less HIS6-tagged F1 
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3.6  Native-PAGE analysis revealed that γ-less enzymes were structurally labile 

3.6.1 BN-PAGE 

The pulled-down ΔγMGI2HIS and Δγsym2.1HIS mutant proteins were subjected 

to BN-PAGE for the separation of protein complexes in their native states without 

the dissociation of subunits.  Different concentrations of G-250 Coomassie Blue 

(0.5%, 1% and 2%) were used to optimize the charge conditions but there seemed 

to have no effect on the migration of proteins. Moreover, the gels was run with 

two different conditions as stated in method 2.7.5.2 to ensure that running 

conditions were not harsh on the enzyme. However, that also did not seem to have 

any effect on the consistency of the results. The BN-PAGE ladder was obtained 

by fixing and destaining BN-PAGE gel after electrophoresis. The samples were 

not visible in fixed and destained gels, possibly due to low protein concentration 

of the samples. 

 

Figure 12A reveals the combination of monomers from both α- and β-subunits at 

~55-60 kDa in both ΔγMGI2HIS and Δγsym2.1HIS samples, and a streak of high 

molecular weight aggregates. The predicted assembled α3β3 subcomplex at ~300 

kDa was not present, indicating that γ-less F1-ATPases could not assemble in 

vitro under the gel electrophoresis condition, with individual subunits crashing 

out or forming large aggregates.  
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3.6.2  CN-PAGE 

During the process of running BN-PAGE, considering that the running conditions 

might be too harsh on the proteins and the G250-Coomassie Blue staying on the 

PVDF membrane might interfere with the binding of antibodies, we employed 

CN-PAGE using Ponceau S., a diazo dye that that is often used to prepare a stain 

for rapid reversible detection of protein bands on nitrocellulose or PVDF 

membranes.  CN-PAGE is milder than BN-PAGE and is very useful to retain 

physiological protein assemblies [47]. 

 

Figure 12B also shows the combination of monomers of both α- and β-subunits at 

low molecular weight near the end of the gel front in a Western Blot. A ladder for 

CN-PAGE was not available to compare the samples with except judging the 

distance from gel front. The streak of high molecular weight aggregates could 

also be faintly observed in ΔγMGI2HIS samples. Δγsym2.1HIS band was weak, 

possibly due to low protein concentration. Again, the predicted assembled α3β3 

subcomplex at about mid gel was not present. These results indicated the lability 

of these γ-less F1-ATPases in vitro even under the mildest CN-PAGE conditions.  
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Figure 12:  Western Blot analysis of γ-less HIS6-tagged F1 by Native-PAGE 

A. Western Blot analysis of a BN-PAGE gel of both ΔγMGI2HIS and Δγsym2.1HIS F1-

ATPase complexes showing the combination of monomers and streaks of aggregates 

at high molecular weight, but no α3β3 subcomplex at ~300 kDa. 

B. Western Blot analysis of a CN-PAGE gel of both ΔγMGI2HIS and Δγsym2.1HIS F1-

ATPase complexes showing again the lack of α3β3 subcomplex at ~300 kDa. 
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3.7  ATPase activity assay  

Attempts to measure ATPase activity by colorimetric detection of inorganic 

phosphate released were made using both ΔγMGI2HIS and Δγsym2.1HIS pull-down 

samples and wild type PM6-7A mitochondria for positive control. Samples were 

incubated for 30 minutes instead of standard 10 minutes for longer reaction time. The 

average absorbance of three sets of data was taken and used in all attempts. 

 

Figure 13 shows ATPase activity as μmol ATP hydrolyzed per minute per mg 

protein. There was negligible activity associated with the pulled-down enzymes 

(<0.03), compared to the wild type mitochondria, which is consistent with our earlier 

observations of how labile these enzymes were in vitro.   
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Figure 13:  ATPase activity of γ-less HIS6-tagged F1 

Extremely low ATPase activity for the ATPase activity assay of ΔγMGI2HIS and 

Δγsym2.1HIS pull-down enzymes compared to Wild type mitochondria, indicating 

negligible ATP hydrolysis activity. 
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3.8  Size exclusion chromatography of ΔγMGI2HIS and Δγsym2.1HIS pull-down 

F1-ATPases  

Pulled-down proteins from both ΔγMGI2HIS and Δγsym2.1HIS strains obtained from 

Ni column chromatography were subjected to size exclusion chromatography on a 

calibrated Superdex 200 10/30 column with the help of Dr. Wilkens.  The peak 

fractions collected were chosen and analyzed by SDS-PAGE and Western Blot.  

  

Figure 14A shows very similar results for both types, where the α and β-subunits 

were broadly distributed in different fractions.  Surprisingly, β-subunits that were 

supposed to be pulled down together with the HIS-tagged α-subunits had a higher 

steady state level, suggesting that α-subunits crashed out at a faster rate than β-

subunits.  However, it still depends on how the antibodies against α-subunits and β-

subunits in the mixture react with their epitopes.   

 

Figure 14B represents the relative distribution of the F1 -subunits in the fractions 

from the size exclusion chromatography as revealed by Western Blot.  The peaks for 

both wild-type and mutant α were consistently at fraction 10 which was at ~670 kDa.  

There was no peak at ~300 kDa anticipated for a α3β3 subcomplex.  The rest of the 

fractions corresponded to molecular mass ranging from monomers ~50 kDa to large 

aggregates of 670 kDa.  No significant difference was found in the assembly state of 

the γ-less complexes regardless of wild-type or mutant strains.  These results re-

enforced the idea that the α/β subcomplexes were very labile and could be readily 

dissociated and aggregated.  This property might help explain why there was no 

ATPase activity of the pull-down enzyme products in vitro. 
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Figure 14:  Analysis of -less F1-ATPases by size exclusion chromatography 

A. Western-blot analysis showing the elution profile of F1 subunits 

B. The relative distribution of the F1 subunit in the fractions from the size 

exclusion chromatography 

 

β 
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3.9   Discussion 

Our lab’s previous genetic screening study has identified two novel nuclear 

mutations in K. lactis γ-less F1-ATPase atp2-12 and atp1-7 that conferred strong 

suppressor phenotypes, converting physiologically petite-negative K. lactis yeast into 

petite-positive upon the induced loss of mtDNA (ρ
0
-lethal into ρ

0
-viable cells) in the 

absence of γ.  This study has been undertaken to biochemically analyze the mutant 

F1-ATPase proteins in vitro by observing the possible assembly state of these matrix-

soluble proteins.  Our mutant proteins likely contain only the α/β core that can 

hydrolyze ATP to maintain enough inner membrane potential for cell survival in 

vivo.  To confirm this phenotype, we introduced plasmids containing wild-type ATP1 

allele for control, and our mutant atp1-7 allele into a double-mutant strains CK333 

(Δatp3, Δatp1) via integration at the leu2 locus.  Various steps were employed to 

ensure the correct gene sequences as described above before yeast transformation.  

Moreover, many experiments were carried out to select transformants to confirm the 

success of the plasmid introduction such as the stability test and genotyping.  To 

facilitate the purification of the γ-less F1, we introduced HIS6 tags at the C-terminus 

of the wild type ATP1 and the mutant atp1-12 alleles for easy binding to Ni-NTA 

beads.  The HIS6 tags were proven to be neither interfering nor helping the growth on 

YPD medium.  Furthermore, the robust suppressor phenotype by the atp1-7 allele, 

and not by the HIS6 tags, was verified on YPD+EB medium.  

 

After successfully identifying the mutation in F1-ATPase α-subunit that rescued the 

ρ
0
-lethal phenotype of the γ-less F1-ATPases by genetic screening, the mutant γ-less 

subcomplexes were purified for further characterization. ΔγMGI2HIS and 
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Δγsym2.1HIS α-subunits were effectively pull-downed together with the β-subunits 

as revealed by SDS-PAGE, suggesting that the α-subunits were associated with β’s 

and they were likely to form subcomplexes in vivo to hydrolyze ATP in the absence 

of the central rotor γ-subunit.  However, it was noticeable that in the pull-down 

products, the stoichiometry between α and β varied significantly among different 

experiments. One possible explanation for this observation was that these γ-less 

subcomplexes were structurally unstable in vitro and each subunit might crash out at 

different rate before SDS-PAGE. 

 

Moreover, when the pull-down products were applied to BN-PAGE and CN-PAGE, 

the predicted hexameric form of α3β3 at ~300 kDa was not present.  Instead, both 

subunits were found to be either in their monomeric form or in large molecular 

weight aggregates.  These results indicated that the subcomplexes were very labile in 

vitro and they could easily dissociate or aggregate under Native-PAGE conditions. 

This observation was further confirmed by ATPase activity assays of the pull-down 

products.  No ATPase activity was able to be measured in either sample, validating 

that these labile γ-less F1-ATPases had lost their abilities to hydrolyze ATP when 

they were taken out from their natural mitochondrial environment.  It may be useful 

to pull down the K. lactis wild type F1-ATPase and measure ATPase activity for 

comparison purposes in future experiments. Interestingly, ΔγMGI2HIS and 

Δγsym2.1HIS enzymes were both found to have the same results in almost all four 

types of experiments, suggesting that they were equally unstable in the absence of the 
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central γ rotor.  The suppressor mutations maintain cell viability via a mechanism 

other than stabilizing the γ-less subcomplexes. 

The same set of experiments was carried out for the β-subunit mutants ΔγMGI1HIS 

and Δγsym1.1HIS.  However, the mutant proteins were poorly recovered by Ni-

column chromatography, suggesting that the HIS6 tags at the C-terminus of the β-

subunit was not as accessible as those in the α protein. 

 

In summary, the data suggest a potentially active α/β subcomplex that can assemble 

and hydrolyze ATP in the absence of γ-subunit in vivo.  However, these complexes 

are highly labile in vitro and can easily dissociate or aggregate when taken out from 

their natural environment. 
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CHAPTER 4: CHARACTERIZATION OF F1-ATPASE FROM 

SUPPRESSOR STRAINS USING INTACT MITOCHONDRIA  

 

4.1 Introduction 

As seen in the previous experiments, the γ-less F1-ATPase enzymes were too unstable 

in in vitro conditions to be successfully examined with Native-PAGE.  In order to 

overcome this problem, mitochondria from strains with disrupted ATP3 gene (Δγ) 

harboring the two sym mutants were employed in this chapter.  They provide a more 

stable environment for the γ-less enzymes and should improve our success rate.  After 

the mitochondria were harvested from yeast cells, they were solubilized with a non-

ionic detergent (digitonin) and samples were applied directly onto native-PAGE to 

avoid prior dissociation or aggregation. 

 

4.2 Yeast strains 

Table 5:  Strains of K. lactis used in the study of γ-less suppressor strains 

Strain Genotype Source 

PM6-7A MATa adeT-600 uraA1 Chen et al. 1992 

CK196-1 MATa adeT-600 uraA1 atp1Δ::URA3 
Chen & Clark-Walker 

1995 

CK306 MATa adeT-600 uraA1 atp3Δ::URA3 Chen XJ, unpublished 

CK307 MATa lysA1 uraA1 atp2-12 atp3Δ::URA3 Chen XJ, unpublished 

CK308 MATa adeT-600 uraA1 atp1-7 atp3Δ::URA3 Chen XJ, unpublished 

 



69 | P a g e  
 

4.3 Results 

Two batches of 1L and 250 mL of YPD containing five aforementioned strains were 

used to extract crude mitochondria. The harvested mitochondria were resuspended in 

minimum amount of SEH buffer containing PMSF to keep the protein concentration 

to the maximum. The mitochondria were either stored at -80˚C for longer term 

storage or kept on ice and stored at 4˚C overnight for immediate biochemical studies. 

 

Mitochondria were subjected to Bradford protein assay analysis using Bradford 

Reagent kit and the DU 800 Spectrophotometer at absorbance of 595 nm. The 

samples were solubilized by 0.5% Triton X-100 to release mitochondria proteins to a 

final concentration of 0.04%, which was lower than the 0.05% compatible detergent 

concentration when using Bradford protein assay standard procedure. Dilution factors 

were properly considered before calculating protein concentration based on the 

analytical absorbance of each sample and on the protein standard curve. 

 

Mitochondria of the wild type PM6-7Awere diluted to a final concentration of ~15 

mg/mL before being loaded onto a 12% SDS-PAGE gel. The rest of the other four 

samples were normalized based on the concentration of wild type before being 

applied to the same gel, side by side. To visualize the protein bands, SDS-PAGE gel 

was subjected to Western blot using antibodies against both yeast F1-ATPases α- and 

β-subunits.  

Figure 15A shows the two expected bands of α- and β-subunits in all samples except 

in CK196-1 where α-subunits were missing.  Both α- and β-subunits were present in 
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all γ-less strains, even CK306 (Δγ) strain. They were not degraded in the absence of 

the γ-subunits. 

 

4.3.1 BN-PAGE and Western Blot 

Mitochondria of five strains were diluted to a final concentration of ~15 mg/mL 

before being solubilized with 2% digitonin on ice for 30 minutes to release the 

inner contents. The BN-PAGE gel was run with the fast condition, then fixed and 

destained or subjected to Western Blot using antibodies against yeast F1-ATPases 

α- and β-subunits in order to visualize the protein bands. 

 

Figure 15B shows destained BN-PAGE with the wild-type PM6-7A displaying 

both forms of monomeric and dimeric ATP synthase, which was consistent with 

what Schägger and Pfeiffer had found in S. cerevisiae [48].  In addition, 

supercomplexes could be seen in wild type strain.  Under normal membrane 

conditions, the supercomplexes are formed by the co-association of the ETC 

complex III and IV and could be visualized by BN-PAGE.  All the mutants lacked 

both forms of the ATP synthase as expected when either α- or γ-subunits were 

deleted. The supercomplexes were also missing in all the mutants, indicating the 

severely damage mitochondrial inner membranes when ATP synthase is missing. 

 

Western Blot analysis of the BN-PAGE shows that all the γ-less strains have a 

wide range of high molecular weight species, indicating aggregation of proteins 

without any complex formation at either monomeric or dimeric of ATP synthase 
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and especially not the α3β3 subcomplex as anticipated (Figure 15C). These results 

once again confirmed that γ-less F1-ATPase complexes were too labile in vitro 

and could not withstand gel electrophoresis conditions. 
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A. Western Blot analysis of an SDS-PAGE gel showing the steady state levels of the α- 

and β-subunits in the wild-type (PM6-7A), Δα (CK196-1), Δγ (CK306), Δγ atp1-7 or 

sym2.1 (CK308) and Δγ atp2-12 or sym1.1 (CK307) strains. 

B. Destained BN-PAGE gel showing the lack of supercomplexes in α-less and γ-less 

mutants. 

C. Western Blot analysis of a BN-PAGE gel using digitonin-solubilized mitochondria 

showing the aggregation of the γ-less F1 complexes.   

B 

Dimeric ATP 
synthase 

Monomeric  
ATP synthase 

Supercomplexe
s 

Figure 15:  SDS-PAGE, BN-PAGE and Western Blot analysis of γ-less strains using 

intact mitochondria 
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4.4 In-gel ATPase activity staining 

After the BN-PAGE gel was run using solubilized mitochondria samples, the gel was 

incubated at room temperature in the in-gel staining buffer overnight and visualized 

by digital scanning using a dark background. The white bands of lead phosphate 

deposit indicated the positions of either dimeric or monomeric ATP synthase, or both, 

on the gel.  

 

Figure 16A, however, showed no ATPase activity staining in all five K. lactis strains, 

even in wild type PM6-7A. Compared to the S. cerevisiae wild type in Figure 16B, 

which clearly displayed both ATP synthase dimer and monomer, K. lactis strains did 

not have any ATPase activity, even though Coomassie staining of BN-PAGE gel 

displayed the appropriate positions of Complex V dimer and monomer, similar to S. 

cerevisiae wild type (Figure 16B).   
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A. In-gel ATPase activity staining of five K. lactis strains (wild type (PM6-7A), Δα 

(CK196-1), Δγ (CK306), Δγ atp1-7 or sym2.1 (CK308) and Δγ atp2-12 or sym1.1 

(CK307) showing no ATPase activity. 

B. BN-PAGE and in-gel ATPase activity staining of S. cerevisiae wild type M2915-6A 

showing intact supercomplexes and clear white deposit bands at Complex V dimer 

and monomer.  

Figure 16:  Comparison of ATPase activity between K. lactis and S. cerevisiae by in-

gel ATPase activity staining 
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4.5 Discussion 

The main purpose of this chapter is to confirm biochemically what had been found 

previously by our lab about the in vitro effects the two sym mutants have on ATPase 

activities using isolated mitochondria from five different K. lactis strains (wild type - 

PM6-7A, Δα - CK196-1, Δγ - CK306, Δγsym1.1 - CK307 and Δγsym2.1 - CK308) as 

the more stable enzyme sources.  These in organello experiments confirmed the data 

of the pull-down studies.  Interestingly, the in-gel ATPase activity staining also 

showed no detectable signal in all K. lactis strains, while S. cerevisiae displayed 

robust ATPase activities in both dimer and monomer forms.  One possible 

explanation for this observation is that the intrinsic F1-ATPase inhibitor IF1 might be 

too robust in K. lactis compared to S. cerevisiae, which might bind too tightly to F1 

and prevent ATP hydrolysis.  To test for this hypothesis, a western blot using 

antibodies against yeast IF1 can be performed to confirm whether this inhibiting 

protein bind to F1-ATPase in future experiments. 
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CHAPTER 5: THE ANALYSIS OF F1-ATPASES IN THE CLASSIC 

MGI MUTANTS WITH INTACT γ-ROTOR 

5.1 Introduction 

In this independent chapter, the classic mgi mutants with intact γ-rotor that were 

previously found by the Chen lab were employed for the biochemical analysis of the 

supposed robust F1-ATPases capable of suppressing ρ
0
-lethality in K. lactis.  The 

mechanisms of this ρ
0
-lethality suppressing ability were speculated to be the 

stimulation of F1 assembly independently from the Fo sector, and the alteration of the 

F1 catalytic property by the mgi mutations.  To test these two hypotheses, 

chloramphenicol, an antibiotic inhibiting protein synthesis of the respiratory system 

in yeasts [6], was introduced to the cell medium to abort the Fo portion. It was highly 

anticipated that when the Fo subcomplex of the ATP synthase was absent, the mgi 

mutations would stimulate the assembly of free F1 and additionally improve ATP 

hydrolysis to maintain Δψm.  By utilizing solubilized mitochondria of these classic 

strains directly in BN-PAGE, F1-ATPases should be able to be visualized as they 

were much more stable with their intact γ rotors.  Moreover, based on the in vivo 

evidence of their extremely active ATPase activities, it is hoped to achieve the same 

result in the in-gel ATPase activity staining experiments.   
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5.2 Yeast strains 

Table 6:  Strains of K. lactis and S. cerevisiae used in the study of classic mgi 

mutants 

Strain Genotype Source 

CK56-7A MATα ade1 lysA1 uraA1 mgi1.1 
Chen  &  Clark-

Walker 1996 

CK99-7C MATα metA1 his7 trpX uraA1 mgi2.1 mex1.1* 
 Chen  &  Clark-

Walker 1995 

CK91-3B MATα metA1 uraA1 mex1.1 
Chen  &  Clark-

Walker 1995 

M2915-6A**  MATa ade2 ura3 leu2  Chen lab 

* mex1.1 is a frame shift mutation in the INH1 gene encoding Inh1- the native F1 

inhibitor IF1 

** S. cerevisiae wild type 

 

5.3 Results 

One batch of 250 mL of YPD and one batch of 1L YPD + chloramphenicol (4 

mg/mL) containing three aforementioned strains and wild type PM6-7A were used to 

extract crude mitochondria. The harvested mitochondria were resuspended in 

minimum amount of SEH buffer containing PMSF to keep the protein concentration 

to the maximum. The mitochondria were either stored at -80˚C for longer term 

storage or kept on ice and stored at 4˚C overnight for immediate biochemical studies. 

Mitochondria of the K. lactis wild type PM6-7A growing in normal YPD were diluted 

to a final concentration of ~15-20 mg/mL before being loaded onto a 12% SDS-
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PAGE gel. The rest of the other samples were normalized based on the normal K. 

lactis wild type concentration before being applied side by side to the same gel. K. 

lactis wild type growing in YPD + chloramphenicol and S. cerevisiae wild type 

M2915-6A were also included for comparison. To visualize the protein bands, SDS-

PAGE gel was subjected to Western blot using antibodies against both yeast F1-

ATPases α- and β-subunits. 

 

Figure 17 shows the two anticipated bands of α- and β-subunits in all samples. As 

expected, it seemed like regardless of whether the cells were in either normal
 
or

 

chloramphenicol-induced (+chlor) condition, F1-ATPase was still present in K. lactis 

wild type, mgi and mex1.1 mutants. Otherwise, α- and β-subunits were not degraded 

by the proteosome system, leaving them detectable by our antibodies.     
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Figure 17:  Western Blot analysis of mitochondria from classic mgi mutants  

The Western Blot shows the steady state levels of the α- and β-subunits in the S. 

cerevisiae wild type (M2915-6A),  normal K. lactis wild type (PM6-7A), +chlor K. lactis 

wild type (PM6-7A in YPD + chloramphenicol), +chlor
 
mex1.1 (CK91-3B),  +chlor

  

mgi1.1 (CK56-7A) and  +chlor
  
mgi2.1 mex1.1 (CK99-7C) strains. 
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5.3.1 BN-PAGE and Western Blot 

Mitochondria of the same strains mentioned above were diluted to a final 

concentration of ~15 mg/mL before being solubilized with 2% digitonin on ice for 

30 minutes to release the inner contents. The gel was run using the fast condition, 

then fixed and destained, or was subjected to Western Blot using antibodies 

against yeast F1-ATPases α- and β-subunits in order to visualize the protein bands. 

 

Figure 18A shows the Coomassie blue stained image of supercomplexes in S. 

cerevisiae wild type M2915-6A and K. lactis wild type PM6-7A growing in 

normal YPD. The K. lactis wild type and mutants growing in YPD + 

chloramphenicol displayed no such complexes in Figure 18B.  The different effect 

between the two growing conditions on the K. lactis wild type was apparent as 

anticipated. Chloramphenicol-induced state clearly damaged the mitochondrial 

membranes, evidenced by the lack of the electron transport chain supercomplexes 

as there were issues with protein synthesis and import.  For the three mgi1.1, 

mex1.1 and mgi2.1 mex1.1 mutants, when compare between the normal
 
and +chlor 

conditions, there was practically no dissimilarity: the supercomplexes were all 

missing.   

 

Figure 18C presents a western blot from a BN-PAGE gel using mitochondria of 

+chlor 
 
mutants, with normal S. cerevisiae wild type, normal

 
K. lactis wild type 

and +chlor
 
K. lactis wild type for controls. Complex V dimers and monomers, as 

expected, were present in both wild types.  Surprisingly, the dimeric form but not 
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the monomer form of Complex V could be seen in all the other +chlor
 
K. lactis 

strains in this experiment.   
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A. Destained BN-PAGE of 

solubilized mitochondria from five 

different yeast strains growing in normal 

YPD medium, showing the lack of 

supercomplexes in all three mutants. 

B. Destained BN-PAGE of 

solubilized mitochondria from five 

different strains growing in either normal 

YPD or YPD + chloramphenicol media, 

showing the absence of supercomplexes in 

all +chlor  cells, including K. lactis wild type.  

C. Western Blot analysis of a similar BN-PAGE gel using the same digitonin-solubilized 

mitochondria as figure B, showing Complex V dimers and monomers in normal
 
cells 

but not in +chlor 
 
cells.  

V
dim

 or 

oligomeric 
F

1
 

Supercomplexes Supercomplexes 

Figure 18:  BN-PAGE and Western Blot 

analysis of classic mgi and mex mutants 
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5.3.2 In-gel ATPase activity staining 

A similar BN-PAGE gel of all aforementioned mitochondria was run and 

incubated at RT overnight in the in-gel staining buffer to test for ATPase 

activities. 

 

Figure 19A and 19B consistently shows no ATPase activity in all K. lactis 

strains, including PM6-7A grown in normal condition. The ATPase activity was 

always robust in S. cerevisiae wild type, showing both dimeric and monomeric 

forms of FoF1-ATPase, and occasionally free F1-ATPase if mitochondria used to 

run the BN-PAGE gel was taken from -80˚C storage (not shown).  

 

Figure 19A showed a faint band of free F1 for normal PM6-7A, granted that the 

gel was incubated for two days before the image was taken instead of the regular 

overnight incubation. This suggested that with longer incubation time, normal
 

wild type K. lactis free F1 might be able to slowly hydrolyze ATP in vitro. 

However, all three mutants displayed no detectable ATPase activity in either form 

of FoF1-ATPase no matter which growing condition they were in. 
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A. In-gel ATPase activity staining of five strains growing in normal YPD medium (two 

day incubation), showing the lack of ATPase activity in all K. lactis strains. White 

arrow indicated free F1 in K. lactis wild type, a rare occurrence.  

B. In-gel ATPase activity staining of five strains growing in either normal YPD medium 

or YPD + chloramphenicol medium (one day incubation), showing the lack of 

ATPase activity in all K. lactis strains. Free F1 in normal K. lactis wild type was not 

observed in this experiment.  

Figure 19:  In-gel ATPase activity staining of the classic mgi and mex mutants 
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5.4 Discussion 

The main purpose of this independent chapter is to biochemically investigate the 

assembly state and property of the F1-ATPase upon the loss of the Fo subcomplex in 

the classic mgi and mex mutants.   The results presented above could not give a lucid 

explanation as to why these mutants exhibited the same instability in vitro despite 

their strong in vivo ATP hydrolysis activities [26], of which, the circumstances were 

very similar to our γ-less mutants.   

 

F1-ATPase complexes in the mgi and mex mutants seemed to be assembling, as 

evidenced by the western blots from SDS-PAGE showing both F1-ATPase α- and β-

subunits.  However, ATPase activity could not be visualized by in-gel staining as 

anticipated.  It may be possible that the native gel electrophoresis was still too harsh 

for the K. lactis mutant strains to withstand for ATP hydrolyzing activity.  

 

In both normal growing condition and chloramphenicol-induced condition, the 

mutant strains displayed no supercomplexes as seen in Coomassie blue stained BN-

PAGE.  It was reasonable for the mutants to lose these complexes when in the +chlor 

state, similar to the wild type cells.  However, it was mysterious as to why the mgi 

mutants would also have membrane damage in the normal state (Figure 18A).  Even 

though mgi1.1 mutants were able to suppress the ρ
0
-lethality in K. lactis by having a 

robust ATPase activity to maintain enough Δψm, they were supposed to only work 

specifically on the F1-ATPase portion and not on the rest of the electron transport 

chain.  In normal condition, the mgi1.1 mutation was thought to have little effect on 

the ETC; that is unless these mutations affected the assembly of a proper complex V, 
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which in turn result in an improper cristae formation [49] and possibly the 

mitochondrial inner membrane.  One other possibility was that the mgi mutations 

were found to partially uncouple the inner membrane in S. cerevisiae [50], 

sequentially decreased Δψm and affected the ETC formation.   However, similar 

hypothesis could not be said for the mex1.1 mutant as the dimerization of complex V 

does not require Inh1 protein in yeasts [51], nor this mex mutation was reported to 

have any damaging effect on the ETC.  The double mutant of mgi2.1 mex1.1 might 

follow the mgi1.1 mutant in term of abnormal cristae architecture since mex1.1 

allegedly has no effect on the mitochondrial morphology in K. lactis.  To confirm 

this hypothesis, in future experiments, it should be useful to look at the mitochondria 

under electron microscope for morphology of the cristae in these classic mgi and 

mex mutant strains. 

 

Based on the experiments with chloramphenicol, free F1 could not be seen but the 

dimeric complex V maintained in the Western Blot analysis.  In +chlor condition, 

both wild type and mutants should not have ATP synthase dimer as Fo was absent.  It 

was possible that chloramphenicol was not efficient in abolishing all the Fo in K. 

lactis, hence the formation of complex V.  In addition, partial free F1-ATPase could 

also be spotted in +chlor
 
K. lactis wild type but not in the rest of the mutant strains.  

One explanation for this observation was that in K. lactis wild type, the dimeric 

Complex V was more stable in response to an incomplete depletion of the Fo sector.  

The unstable monomeric form might be degraded and some free F1 were released.  

As for the mgi and mex mutants, the mutations might actually destabilize the 
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structure and assembly of F1-ATPase in vitro, in contrast to the anticipated strong 

presence of free F1 independently of the Fo portion.  Otherwise, the Complex V 

dimers in the +chlor mutants might not be the same ATP synthase dimers as 

assumed but aggregations or novel species of oligomeric F1.   

 

Additionally, from the in-gel ATPase activity staining assay, it was clear that 

Complex V in K. lactis was very different from the one in S. cerevisiae.  ATPase 

activity was strongly inhibited in K. lactis compared to S. cerevisiae, possibly due to 

inhibition from the intrinsic IF1.  However, the mex1.1 frame shift mutation should 

be relieving this inhibition, yet the mex mutant enzymes also showed no activity.  It 

was very likely F1-ATPase was inhibited by some other peptides or factors in 

addition to IF1.  In Figure 19A, free F1 in wild type K. lactis could faintly be seen 

with longer exposure/incubation time.  It was possible that free F1 was not 

completely inhibited in K. lactis. However, all other FoF1-ATPases exhibited no 

activity, prompting the possibility that this inhibition was Fo- or membrane-

dependent.  Lastly, it was also apparent that, despite strong in vivo evidence, the mgi 

mutations did not improve ATP hydrolysis in vitro; likely because the inhibition 

overrode the positive effects of these classic mutations.  These are only speculations 

and more studies are required in the future to confirm the true reasons behind the 

data obtained.   
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CONCLUSION 

Using a unique genetic screen, our lab had found two mutations mapped to the α- and β-

subunits of the γ-less F1-ATPase that confer a strong ρ
0
-lethal suppressing phenotype: 

αF446I and βG419D.  These mutations enhanced the ATPase activity of the α/β 

complexes by retaining 21.7% and 44.6% compared to wild type F1 activity.  This 

dramatic increase in ATP hydrolysis activity supports the newly emerging paradigm that 

robust catalysis can take place in just the α3β3 core, independently of the central γ rotor.  

However, we have not been able to examine the exact assembly state and the catalytic 

kinetics of these mutant enzymes in vitro as these subcomplexes seemed to be extremely 

unstable.  They formed complexes of different sizes, ranging from subunit monomers to 

large molecular weight aggregates as seen in BN-PAGE and size-exclusion 

chromatography.  The α/β complex was expected to be at least partially assembled in 

vivo, since α and β-subunits were seen to be pulled-down together in SDS-PAGE, and to 

hydrolyze ATP and allow ρ
0
 cells to survive.  It is possible that the protein dense 

environment in the matrix and the presence of F1 specific chaperones such as Atp11 and 

Atp12 [52-55] helped stabilize these labile enzymes in vivo. 

 

As for the stimulation of ATP hydrolysis by the two mutations on these enzymes, there 

are several potential explanations to consider.  First of all, as the αF446 and βG419 amino 

acids locate on the α/β interface (see Figure 8B), it is very possible that they structurally 

stabilize the γ-less complexes.  However, the MGI2HIS6 can pull down the β-subunit as 

efficiently as the mutant counterpart even if they are less stable when compared with the 

native F1.  The size exclusion chromatography also confirmed this observation when the 
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γ-less F1 fractionated at variable sizes despite the presence or absence of the sym2.1HIS6 

mutation.  

 

On the other hand, it can be speculated that the F446I and G419D mutations in the K. 

lactis F1-ATPase stimulate ATP hydrolysis activity by altering the α-β interactions and 

possibly the cooperativity within the α3β3 subcomplex.  The mechanisms of -

independent ATP hydrolysis and catalytic cooperativity remain unknown.  These two 

mutated amino acids reside on the N-terminal edge of the DELSEED loop of both α- and 

β-subunit in yeast [56].  The DELSEED loop has been previously proposed to mediate 

torque transmission through interactions of α or β with γ as their negatively charge 

residue region may interact with the positive surface on γ [57].  However, several studies 

have proved that this loop may not be critical for torque transmission and rotational 

catalysis [58-60].  It is possible that in the K. lactis-less enzymes, the substitution of 

Phe446 by isoleucine or Gly419 with aspartic acid may alter the interactions, length 

and properties with the N-terminal  helix on the adjacent subunit which change catalytic 

kinetics or cooperativity.  Because the DELSEED loops are expected to be structurally 

flexible [60], it is currently difficult to predict how the mutations exactly affect the  

interactions during ATP hydrolysis in the -less subcomplexes. 

 

The native α3β3γ complex is active in hydrolyzing ATP but is unable to suppress ρ
0
-

lethality in vivo. It was previously suggested that the wild-type F1-ATPase might have a 

high Km for ATP, which could not hydrolyze enough ATP to maintain Δψm in cells 

lacking mtDNA where this cellular energy is scarce [35].   In this context, it is probable 
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that in the γ-less complex, the sym mutations promote cell survival by lowering the Km 

for ATP. As the result, ATP turnover is increased, which in turn maintains sufficient 

membrane potential for cell survival.  Future experiments are needed to confirm this 

hypothesis.  It should be suitable to use different concentrations of ATP to test for the 

mutant enzymes kinetic using wild type F1 as control for comparison purposes.  It should 

also be useful to measure the Δψm in all types of mitochondria to determine the minimum 

baseline of the required Δψ for cell survival compared to wild type.  

 

In summary, our genetic screening data provided strong evidence in vivo for a robust 

ATP hydrolyzing activity by γ-less F1-ATPases with two separate mutations on either α- 

or β-subunit in K. lactis even though the exact mechanism remains elusive.  These mutant 

enzymes are extremely labile in vitro.  Consequently, for future detailed kinetic studies 

on these γ-less enzymes, more stable specimen such as the Thermophilic Bacillus PS3 

α3β3 subcomplex with similar mutations could be used to ensure a better success rate.  

Our studies were also extended to the classic mgi mutants in which the mutant F1 

suppresses 
0
-lethality in the presence of .  We learned that free F1 seemed to be 

assembled in mutant strains.  Moreover, ATPase activity in K. lactis strains also could 

not be seen in vitro despite the supposed robust in vivo ATP hydrolysis.  Future studies 

are required to further solve or to provide better explanations for the problems 

encountered in this study.  
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Abstract 

F1-ATPase is a rotary molecular machine with a subunit stoichiometry of 

. It has a robust ATP-hydrolyzing activity due to effective cooperativity between 

the three catalytic sites. It is believed that the central  rotor dictates the sequential 

conformational changes to the catalytic sites in the  core to achieve cooperativity. 

However, recent studies of the thermophilic Bacillus PS3 F1-ATPase have suggested that 

the  core can intrinsically undergo unidirectional cooperative catalysis (Uchihashi et 

al., Science 333:755-758). The mechanism of this -independent ATP-hydrolyzing mode is 

unclear. Here, a unique genetic screen allowed us to identify specific mutations in the 

andsubunits that stimulate ATP hydrolysis by the mitochondrial F1-ATPase in the 

absence of  We find that the F446I and G419D mutations suppress cell death by the 

loss of mitochondrial DNA (
o
) in a Kluyveromyces lactis mutant lacking . In organello 

ATPase assays showed that the mutant, but not the wild-type -less F1 complexes retain 

21.7-44.6% of the native F1-ATPase activity. The -less F1 subcomplex is assembled, but is 

structurally and functionally labile in vitro. Phe446 and Gly419 are located on the N-

terminal edge of the DELSEED loops in both subunits. Mutations in these two sites likely 

enhance the transmission of catalytically required conformational changes to an adjacent 

or subunit thereby allowing robust ATP hydrolysis under 
o
 conditions. This work may 

help our understanding of the structural elements required for ATP hydrolysis by the 

subcomplex. 
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INTRODUCTION  

Mitochondria are the powerhouses of the cell that synthesize the majority of ATP to 

support cellular activities under aerobic conditions. Although mitochondria are known to be 

essential for cell viability, and mitochondrial stress induces cell death, the key mitochondrial 

factors that determine cell viability under specific stress conditions are not well established. One 

of the classic inducers of mitochondrial stress is the loss of mitochondrial DNA (mtDNA). In the 

budding yeast Saccharomyces cerevisiae and some other closely related species, petite mutants 

with extensively deleted (ρ
-
) or completely loss of mtDNA (ρ

o
) are viable (1-5). However, most 

yeast species, known as petite-negative, do not survive the loss of mtDNA on exposure to 

mutagens. The loss of cell viability is not caused by a bioenergetic crisis. For instance, a petite-

negative yeast such as Kluyveromyces lactis can survive on glucose medium after disruption of 

the cytochrome c gene but cannot survive the elimination of mtDNA (6). K. lactis is therefore 

capable of synthesizing ATP to support cell growth via fermentative glycolysis so ρ
o
-lethality is 

caused by factors other than ATP depletion. 

 

Our previous studies have shown that specific nuclear mutations can suppress ρ
o
-lethality in 

K. lactis. These mutations, referred as mgi (for Mitochondrial Genome Integrity), occur in the , 

 and -subunits of the mitochondrial FoF1-ATP synthase (7-9). The ATP-synthase is a rotary 

molecular machine that synthesizes ATP from ADP and inorganic phosphate by using the proton 

gradient generated by the electron transport chain (10, 11). It consists of the trans-membrane Fo 

domain and the F1-ATPase extending into the mitochondrial matrix. The catalytic F1 contains 

nine polypeptides with the stoichiometry of α3β3γδε. The readmission of protons from the 

intermembrane space to the mitochondrial matrix through Fo drives the rotation of γ within the 

α3β3 hexameric ring, which induces conformational changes necessary for the synthesis of ATP 

(12, 13). The F1-ATPase can be dissociated from the membrane-embedded Fo. In free F1, γ 

rotates in the reverse direction, allowing hydrolysis but not synthesis of ATP. It has been 

believed that the rotating γ plays a key role in coordinating sequential conformational changes in 

the three catalytic sites, which confers a highly cooperative and robust mechanism for ATP 

hydrolysis.  

 

In yeast ρ
o
-cells, Fo is eliminated because of the loss of the mtDNA-encoded Atp6, 8 and 9 

subunits. The gain-of-function mgi mutations confer on the remaining F1 domain a novel 

property that permits cell survival. A widely accepted model is that the mutant F1 remains active 

in hydrolyzing ATP
-4

 that is glycolytically generated in the cytosol before being imported into 

the matrix. The mutant, but not the wild type F1, hydrolyzes ATP
-4

 to ADP
-3

, which is 

subsequently exported to the cytosol. This reversed exchange of cytosolic ATP
-4

 against the 

matrix ADP
-3

 via the adenine nucleotide translocase is electrogenic, which allows the 

mitochondria to maintain the minimal membrane potential (m) required for mitochondrial 

biogenesis (14-16). A large genetic screen has identified 35 mgi alleles in K. lactis (9). A similar 

mutation in the  subunit of F1-ATPase has also been reported in Saccharomyces cerevisiae that 

suppresses the slow growth phenotype of 
o
 cells in the yme1 background (17). Interestingly, all 

the mutable residues are mapped to two specific regions, one suggested to be a molecular bearing 

for the rotation of γ within the α3β3 hexamer and the other being proximal to the membrane close 

to the conserved DELSEED loop in β and its equivalent in α. At these two particular locations, 

all the mutated amino acids are situated on the interface between the α, β and  subunits. This 

suggests that the suppressor mutations affect subunit-subunit interactions. The mutant F1 appears 
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to have a lower Km for ATP than the wild-type enzyme (18). The altered kinetic property may 

allow the mutant complexes to continue to hydrolyze ATP in ρ
o
-cells in which the matrix ATP 

concentration might be low. By introducing the mgi mutations into the S. cerevisiae F1 complex, 

the Mueller group found that the mutant ATP synthase is uncoupled (19). Four mutant F1 

complexes were crystallized and their structures were analyzed (20). Interestingly, the mgi 

mutations were found to either affect substrate (phosphate) binding, or to reduce the steric 

hindrance imposed by the  subunit when  rotates in the α3β3 core. 

   

In an attempt to identify nuclear mutations that potentially suppress ρ
o
-lethality in the 

absence of ATP hydrolysis by F1 ATPase, we screened suppressor mutations in a strain lacking 

the γ-subunit. Surprisingly, this unique genetic screen yielded two mutations that are again 

mapped to the α and β subunits. These mutations apparently confer a robust ATP hydrolyzing 

activity in the absence of γ. This finding provides strong in vivo evidence supporting the newly 

emerging paradigm that robust catalysis can take place in the α3β3 core.  

 

MATERIALS AND METHODS 

Media and strains. Yeast cells were grown in complete glucose medium (YPD) containing 

1% yeast extract, 2% Bacto peptone and 2% Glucose, or in minimum medium (SD) containing 

6.7 g/L Bacto-yeast nitrogen base without amino acids (Difco) and 2% glucose. Nutrients 

essential for auxotrophic strains were added at 25 g/ml for bases and 50 g/ml for amino acids.  

Complete glycerol-ethanol medium (YPGE) or glycerol medium (YPG)  contains 1% yeast 

extract, 2% Bacto peptone, 2% glycerol, with or without 2% ethanol. Where indicated, edithium 

bromide (EB) was added at the concentration of 16 µg/ml. G418 medium is YPD plus G418 at 

200 g/ml. For sporulation of K. lactis, ME medium contains 5% malt extract and 2% Bacto 

agar. 

 

Yeast strains used in this study are listed in Table 1. Standard procedures were used for the 

construction of K. lactis strains. Transformation of K. lactis was performed by the lithium 

acetate-dimethyl sulfoxide method as described in detail (21). For selection of G418 resistant 

transformants, transformed cells were grown at room temperature overnight before being plated 

on G418 medium. Disruption of the chromosomal genes was achieved by one step gene 

replacement procedure. To construct the atp3::URA3 allele, pBS-MGI5, a pBluescript-based 

plasmid containing the entire ATP3 gene, was digested with ClaI. The 0.75 kp ClaI fragment 

comprising the N-terminal two thirds of the ATP3 sequences and part of the promoter region was 

deleted and replaced by the 1,1 kb URA3 gene (see Fig. 2B). The resulting plasmid, 

pMGI5::URA3, was digested with EcoRI to release the 1,5 kb atp3::URA3 cassette that was 

subsequently used for disruption of ATP3 in various strains. The atp3::kan cassette was isolated 

from the plasmid pMGI5::kan/3 in which ATP3 is disrupted by insertion of kan at codon 161. 

 

  The plasmids pCXJ4-MGI2 and pCXJ4-MGI1/7 are based on the K. lactis integrative 

vector pCXJ4 (X.J. Chen, unpublished) and contain KlATP1 and KlATP2 respectively. The two 

plasmids were linearized with ClaI that cuts within the KlLEU2 gene before being integrated 

onto the chromosome by selecting for Leu
+
 transformants. pUK-KlMGI2/HP and pCXJ22-

KlATP2 are multicopy plasmids for K. lactis containing KlATP1 and KlATP2 respectively.                            
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 CK392/7 (atp1-7) and CK391/18 (atp2-12) are random spores derived from CW15-2A and 

CW14-1A. Replacement of ATP3 in the two strains by atp3::kan yielded CK401 and CK400. 

Successive disruption of ATP and ATP in CK401/1 and CK400 by the atp::URA3 and 

atp::LEU2 cassettes produced the triple-disrupted strains CK412/1 and CK410/6.  

 

 For HIS6-taging of ATP1 in the atp3 background, the plasmids pCXJ4-sym2.1HIS was 

constructed in which the atp1
F446I

 allele was tagged with HIS6 on the C-terminus. The plasmid 

was linearized with ClaI within the LEU2 gene and integrated into the leu2 locus of CK333 

() by selecting for Leu
+
 transformants. This generates the strains TL2/2. Correct 

integration of the plasmid was confirmed by PCR-based genotyping.  

 

 Purification of F1-ATPase. Mitochondria were isolated as described by Boldogh and Pon  

(22). Yeast cells were grown in high glucose SD medium, washed with Tris-SO4-DTT, treated 

with 5 mg zymolyase per gram of yeast to create spheroplasts and then broken with a 40 ml 

Dounce homogenizer. Mitochondria were collected by differential centrifugation. 

 

 HIS6-tagged F1-ATPases were purified by Ni-column chromatography as described in 

Mueller et al. with modifications (23). Briefly, crude mitochondria were resuspended in 

sonication buffer (0.25 M Sucrose, 20 mM HEPES-KOH pH 7.4, 5 mM ε–amino caproic acid, 1 

mM EDTA, and 1 mM PMSF) at a ratio of 1:2 by volume. Sonication was performed on ice 4 

times for 1 min, followed by 1 min intervals. Inverted mitochondria solution was centrifuged at 

high speed 6,400 rpm at 4°C for 5 to 10 min. Supernatant was then collected and added to Ni-

NTA slurry containing 50% beads and 50% buffer A (0.05 M NaCl, 0.25 M Sucrose, 20 mM 

HEPES-KOH pH 7.4, 5 mM ε–amino caproic acid, and 1 mM PMSF + 3% Buffer B). The ratio 

of sample solution to Ni-NTA slurry was 60:1 by volume. The solution was gently rocked at 4°C 

for 4-5 hr before centrifugating at 2000g for 1 min at 4°C. The beads were washed twice with 

Buffer A containing 3% Buffer B, and F1-ATPases were eluted from the Ni-beads 4 times using 

0.3 ml Buffer B per elution (0.1 M imidazole, 0.05 M NaCl, 0.25 M sucrose, 20 mM HEPES-

KOH, pH 7.4, 5 mM ε–amino caproic acid, and 1 mM PMSF). 

 

 BN-PAGE. BN-PAGE was performed using the Life Techonologies [Carlsbad, California] 

NativePAGE™ Novex® Bis-Tris Gel System as recommended by the manufacturer. The nickel 

column pull-down products were separated on a 3-12% polyacrylamide gradient gel at 4°C. The 

final concentration of NativePAGE G-250 sample additive used was 0.5%. No other detergent 

was needed. Western-blot was performed using antibodies specifically against the α or β subunits 

of the yeast F1-ATPases. Signals were detected using ECL detection method (Roche and Thermo 

Scientific). For BN-PAGE of mitochondrial lysate, the final concentration of digitonin to 

solubilize mitochondria was 2%, and the concentration of NativePAGE G-250 sample additive 

used was 1/3 of digitonin concentration. 

 

 Size exclusion chromatography. The HIS6-tagged -less F1-ATPases from the strains 

TL1/1 and TL2/6 were prepared as described above. Sonication buffer used to resuspend crude 

mitochondria contained no EDTA to prevent the stripping of Ni from the column. Sonication 

was performed on ice 4 times at half cycle for 30 sec, followed by 30 sec intervals. Solution 

containing inverted mitochondria was centrifuged at 13,000 rpm at 4˚C for 30 min. Clear 

supernatant was collected and incubated with 1 ml of Ni-NTA slurry containing 50% beads and 



 6 

50% Buffer A for 30-60 min at 4˚C. The mixture was then passed through a vertical column, 

washed 3 times with Buffer A and eluted 6 times with 500 µl Buffer B containing 200 mM 

Imidazole instead of 100 mM. The proteins were concentrated and analyzed by size exclusion 

chromatography on a calibrated Superdex 200 10/30 column. Peak fractions were analyzed by 

SDS-PAGE and western-blot. 

 

 ATPase activity assays. ATPase activity was measured as described in Taussky & Schorr 

(24) with modifications. 5-10 µl (approximately 0.1 – 0.2 mg) of mitochondria were added to 3 

ml of 10 mM Tris-HCl (pH 8.2), 5 mM ATP, 2 mM MgCl2 and 200 mM KCl with or without 

oligomycin at 10 g/ml. The reactions were incubated at 30ºC for 10 min before quenching with 

10% SDS. All samples were vortexed gently to avoid inactivation of enzymes. ATPase activity is 

expressed as mol ATP hydrolyzed/min/mg protein. 
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RESULTS 

Isolation of the atp1-7 and atp2-12 mutations. In S. cerevisiae, the  subunit is required 

for the assembly of F1-ATPase (25). In an attempt to isolate mutations that suppress °-lethality 

from K. lactis in the absence a functionally active F1, we screened for EB-resistant colonies from 

CK204 disrupted in the ATP3 gene encoding the protein. We have previously reported that 

CK204 is petite-negative and unable to form colonies on EB, which specifically eliminates 

mtDNA (7) (see below). CK204 was thus plated on EB medium and incubated for seven days at 

28°C. Fast growing EB
R
 papillae were scored. The EB

R
 clones all lack mtDNA as confirmed by 

Southern-blot analysis of total DNA prepared from the mutant cells by using total K. lactis 

mtDNA as a probe (not illustrated). 

 

Genetic analysis was performed to identify putative suppressor mutations that permitted the 

survival of the and 
o
 cells. The four original isolates (CK204/EB2, CK204/EB3, CK204/EB4 

and CK204/EB8) were crossed to the wild type strain CK56-16C. The resulting diploids, CW13, 

CW14, CW15 and CW16 were sporulated and 12 asci were dissected from each strain. 

Phenotypic examination of the segregants indicated that respiratory deficiency, as judged from 

failure to grow on YPGE, segregated at 2
+
:2

-
 in all the tetrads. The respiratory-deficient 

phenotype was tightly co-segregated with Ura
+
, that marks the disruption of ATP3 in the parental 

strain. This indicated that none of the potential suppressor mutations is respiratory-deficient. 

However, when the segregants were spotted onto EB plates and incubated for 5 days at 28°C, 

two interesting observations were made. First, approximately 50% of the respiratory-deficient 

segregants were resistant to EB, suggesting the presence of a mutation that is capable of 

suppressing ρ
o
-lethality in the absence of the  subunit (as exemplified by CK307 and CK308 in 

Fig. 1A). Second, none of the respiratory-competent segregants displayed a clear EB
R
 phenotype. 

But rather, about 50% of the respiratory-competent segregants form pappillae on EB plates (as 

exemplified by CW14-4D and CW15-6C in Fig. 1A). We thus proposed that a single nuclear 

suppressor mutation is present in all the four strains analyzed. The potential mutations alone can 

give rise to the high frequency EB
R
 pappillae phenotype, which indicates a weak activity in 

suppressing ρ
o
-lethality. When combined with the disruption of ATP3, cells become EB

R
 and 

thus ρ
o
-viable. As described below, the suppressor mutation in CK204/EB4 occurs in the ATP1 

gene encoding the -subunit of F1-ATPase. The mutation was thus designated atp1-7. The 

mutations derived from CK204/EB2, CK204/EB3 and CK204/EB8 have the same lesion in the 

ATP2 gene encoding the  subunit of F1-ATPase. This allele was referred as atp2-12. 

 

Both the atp1-7 and atp2-12 mutants are respiratory competent in the presence of  and no 

significant difference in growth rate on glycerol plates is noticeable when compared with the 

wild type strain PM6-7A (Fig. 2). These cells do not form spontaneous respiratory-deficient 

mutants on YPD medium (data not shown). As shown in Fig. 1A, EB
R
 colonies arise at high 

frequency in the strains CW15-6C (atp1-7) and CW14-4D (atp2-12). Quantitative estimation 

revealed that CW15-6C and CW14-4D form EB
R
 colonies at frequencies of 5,6X10

-2
 and 

2,6X10
-2

 respectively, which is significantly higher than 1,1X10
-4

 found in the K. lactis wild type 

strain PM6-7A. EB
R
 pappillae were also observed in the atp1-7 atp2-12 double mutant CK314-

2B with a frequency of 8,0 X 10
-2

 that is higher than in atp1-7 and atp2-12 single mutants (Fig. 

1A). These observations support the idea that the atp1-7 and atp2-12 mutants have a poor 

survival after the eliminations of mtDNA by EB. The disruption of ATP3 from these cells 

improves cell viability (see below). 
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As the atp3::URA3 allele in CK204 used for the isolation of the atp1-7 and atp2-12 alleles 

has been constructed by a simple insertion of the URA3 marker at codon 161(7), it might be 

possible that a truncated version of the  protein with the N-terminal sequence is produced and 

incoporated into the F1 complex. To address this issue, we constructed the atp3::URA3 allele in 

which the promoter sequence and majority of the coding region of ATP3 are replaced by URA3 

(Fig. 1B). This cassette was introduced into CW15-6C (atp1-7) and CW14-4D (atp2-12) to 

replace the wild-type ATP3. The correct replacement was confirmed by Southern-blot analysis of 

genomic DNA. As shown in Fig. 1C, the ATP3-deleted strains, CK308 and CK307, have a band 

of 1.5 kb hybridized to the 1.5 kb EcoRI-EcoRI ATP3 probe instead of a band of 1,27 kb in a 

wild-type control strain, which is expected for a correct replacement of the chromosomal ATP3 

by atp3::URA3. Because both CK308 and CK307 grow on EB medium (Fig. 1A), the data 

further confirm that the activity of the atp1-7 or atp2-12 alleles in suppressing ρ
o
-lethality is 

enhanced by the complete lack of the  protein. When ATP3 is disrupted in CK314-2B (atp1-7, 

atp2-12) the resulting strain, CK326, also displayed an EB
R
 (or petite-positive) phenotype (not 

illustrated). 

 

The mutations occur in the ATP1 and ATP2 genes encoding the  and  subunits of F1-

ATPase. To identify the mutations that suppress ρ
o
-lethality in the -less strain, we first 

considered whether the ATP1 and ATP2 genes, encoding the and subunits of F1-ATPase, 

might have been mutated. Indeed, we found that the mutations occur in the two genes. When the 

plasmid pCXJ4-MGI2, carrying the ATP1 gene, was integrated into the LEU2 locus of CW15-6C 

(atp1-7), the formation of  pappillae on EB medium is suppressed in the resulting strain CK295  

(Fig. 1A), whereas transformation by pCXJ4-MGI1/7, bearing ATP2, did not suppress the EB
R
 

pappillae phenotype (not illustrated). The results suggest that the mutation in CW15-6C might 

occur in ATP1. This allele, initially derived from CK204-EB4, was thus tentatively designated 

atp1-7. Likewise, when pCXJ4-MGI1/7, bearing the ATP2 gene, was integrated into CW13-4C, 

CW14-4D and CW16-7C, derived from CK204/EB2, CK204/EB3 and CK204/EB8 respectively, 

the resulting strains, CK292 (Fig. 1A), CK291 and CK293 (not illustrated) did not show EB
R
 

pappillae phenotype. Introduction of pCXJ4-MGI2 (ATP1) did not suppress the formation of 

EB
R
 pappillae in the three strains. As the isolates carry the same lesion in ATP2 (see below), the 

mutation was designated atp2-12. 

 

Further experiments were performed to confirm that the -independent ρ
o
-lethality 

suppressor mutations occur in ATP1 and ATP2.   First, we found that, in contrast to the atp1-7 

and atp2-12 single mutants, which are respiratory competent, the double mutant CK314-2B 

failed to grow on glycerol medium (Fig. 2). However, transformation of CK314-2B with the 

plasmid pUK-KlMGI2/HP1 and pCXJ22-KlATP2, carrying the K. lactis ATP1 (KlATP1) and 

ATP2 (KlATP2) genes respectively, can partially restore growth on YPG (Fig. 2). The 

complementation of respiratory deficiency by the two genes suggests that the two mutations in 

CK314-2B may have occurred in ATP1 and ATP2.  

 

Secondly, we crossed CW15-2A (atp1-7) to CK141-4A (atp1-2) and CW14-4D (atp2-12) 

to CK98-8A (atp2-3). K. lactis cells carrying atp1-2 or atp2-3 alleles are ρ
o
-viable and resistant 

to EB (7, 8). The resulting diploid strains, CK325 and CK312, were sporulated and 12 tetrads 
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were dissected from each strain. When the segregants were examined for response to EB, it was 

found that in all tetrads, two spores were EB
R
 while the other two spores formed EB

R
 pappillae 

on EB plates (not illustrated). These data indicate that the mutation in CW15-2A is allelic to 

ATP1 and the one in CW14-4D is allelic to ATP2. 

 

Identification of the mutations in the atp1-7 and atp2-12 alleles. The ATP1 gene from 

CK204/EB4 (atp1-7) was amplified by PCR and the complete coding region was sequenced. 

When compared with sequences in the wild-type allele in the parental strain PM6-7A used for 

the isolation of atp1-7, two mutations were found. The codons 435 and 446 have been changed 

from GCC and ACC into ACC and ATC. These changes convert Ala435 into Thr and Phe446 

into Ile. To delineate which mutation is responsible for ρ
o
-lethality suppression in the  

background, alleles with the single A435T and F446I mutations were generated by site-

directed in vitro mutagenesis. The mutant alleles were cloned into the K. lactis vector pCXJ4 and 

integrated into the LEU2 locus of CK333 () by selecting for Leu
+
 transformants. Following 

the test on EB plates, it was found that only the F446I, but not the A435T allele, conferred the 

EB
R
 phenotype. We thus concluded that in the initial atp1-7 mutant, the F446I mutation is 

responsible for the suppression of ρ
o
-lethality in cells. The amino acid Phe446 is highly 

conserved in the  subunit of F1-ATPase in organism from bacteria to humans (Fig. 3A). 

 

Likewise, we amplified the ATP2 gene from the EB
R
 isolates CK204/EB2, CK204/EB3 

and CK204/EB8. The entire coding region of the gene was sequenced and compared with that of 

the wild type. One single mutation was found in the three isolates that changed the codon 419 

from GGT to GAT, which converts Gly419 to Asp. Gly419 is also highly conserved during 

evolution (Fig. 3A). 

 

The and  subunits are dispensable for the suppressor activity of the atp1-7 and atp2-12 

alleles. To assess whether the two other small subunits of F1,  and , play a role in the 

phenotypic manifestation of the atp1-7 and atp2-12 alleles in suppressing ρ
o
-lethality, we 

disrupted the ATP (26) and ATP (27) genes.  Inactivation of either orin the strain 

CK401/1 (atp1-7) yielded CK408 (atp1-7, and CK409 (atp1-7,which were 

both respiratory-deficient (Fig. 4). More importantly, CK408 and CK409 remained EB
R
 with a 

growth rate comparable with CK401/1 (atp1-7 ) on the EB plates. Likewise, disruption of 

either orin CK400 (atp2-12, ) yielded CK405 (atp2-12, ) and CK406 (atp2-12, 

). Both CK405 and CK406 remained resistant to EB (Fig. 4). 

 

Strains with triple disruptions were constructed in the atp1-7 and atp2-12 background. The 

ATP3, ATPand ATP genes were successively inactivated in CK392/7 and CK391/18 to 

generate CK412/1 (atp1-7, ). and CK410/6 (atp2-12, ). When examined on 

EB medium, we found that both CK412/1 and CK410/6 are resistant to EB (Fig. 4). The results 

indicate that ,  and  are all dispensable for the suppressor phenotype of the atp1-7 and atp2-12 

alleles.  

 

The atp1-7 and atp2-12 alleles enhance ATP hydrolysis in the less F1 subcomplex. We 

speculated that the atp1-7 and atp2-12 mutations in the  and  subunits may increase the ATP 

hydrolysis activity of the F1 subcomplex lacking  The -independent ATPase activity may be 



 10 

too low with the wild-type  and  for suppressing ρ
o
-lethality. To test this idea, we measured 

ATPase activity of isolated mitochondria in the absence and presence of oligomycin. As shown 

in Table 2, the -less strain CK306 expressing the wild-type  and  subunits retained only 5.1% 

of the native F1-dependent ATPase activity. The activity is increased to 21.7% and 44.6% in the 

strains CK308 (atp1-7, ) and CK307 (atp2-12, ) respectively. These activities are 

oligomycin insensitive, as expected because the -less complex would not be physically coupled 

to Fo where oligomycin binds.     

 

We found that the atp1-7 atp2-12 double mutant CK314-2B has only 10.8% of the wild-

type ATPase activity. It is also respiratory-deficient on YPG medium in the presence of  (see 

Fig. 2). The two mutations are apparently incompatible for both hydrolysis and synthesis of 

ATP, although the single mutants retain partial respiratory growth. The disruption of ATP3 in the 

double mutant (CK326) slightly increases ATPase activity. This rather subtle change is 

apparently sufficient for keeping ρ
o
 cells viable. Interestingly, the atp1-7 and atp2-12 single 

mutants have an oligomycin-sensitive ATPase activity higher than the wild-type in the presence 

of the  subunit, despite the fact that they are unable to maintain cell viability under ρ
o
 

conditions. It is apparent that the  subunit stimulates ATP hydrolysis in ρ
+
 but inhibits the 

suppressor activity of the atp1-7 and atp2-12 mutants under ρ
o
 conditions. 

 

The -less subcomplexes are structurally labile in vitro. We attempted to purify the mutant -

less subcomplexes so that their biochemical properties can be further characterized. A HIS6 tag 

was introduced at the C-terminus of the wild-type ATP1 and the mutant atp1-12 alleles. These 

alleles were integrated into the leu2 locus of CK333 (). The untagged ATP1 was also 

chromosomally integrated as a control. As expected, all the strains remained respiratory-deficient 

because of the loss of  (Fig. 5A). The reintroduction of the HIS6-tagged atp1-7, but not the 

HIS6-tagged wild-type ATP1, conferred a robust growth phenotype on EB medium. The strong 

suppressor phenotype is therefore caused by the atp1-7 allele but not the HIS6-tag. 

 

Isolated mitochondria were sonicated to release the HIS6-tagged -less F1 subcomplexes, 

which were purified by nickel column chromatography. We found that Atp1-HIS6 and Atp1
F446I

-

HIS6 were successfully pulled down together with the  subunit (Fig. 5B). This suggests that the 

 subunit is associated with  and likely to form a subcomplex in vivo to hydrolyze ATP in the 

absence of . We found that in the pull-down products, the stoichiometry between  and  varied 

substantially among different experiments. We interpreted this by proposing that the 

subcomplexes are unstable in vitro (see below). We also introduced the HIS6-tagged atp2-12 

allele in a   double mutant and attempted to pull down the  subunit. Atp2
G419D

-HIS6 

was poorly recovered by nickel column chromatography, suggesting that the C-terminus of the  

subunit is not as accessible as that in the  protein. 

 

Surprisingly, we could not detect a significant ATP hydrolyzing activity with the pull-down 

products from both ATP1 and atp1-7 cells. This suggests that the -less subcomplex may be 

structurally and functionally labile in vitro. By applying the pull-down products to BN-PAGE, 

we found that the  and  subunits are present either in a monomeric form, or in a wide range of 
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molecular species >720 kDa which is indicative of aggregate formation (Fig. 5C). No bands of 

~300 kDa suggestive of an 3/3 complex was visible.  

 

Western-blot analysis of mitochondrial lysates showed that the  and  subunits are not 

degraded in the absence of the  subunit (Fig. 6A). By applying digitonin-solubilized 

mitochondria to BN-PAGE, the wild-type ATP synthase was resolved in both the monomeric 

and dimeric forms (Fig. 6B). In the -less strains, regardless of the presence or absence of a 

suppressor mutation, the  and  subunits were detected in a wide zone of high molecular weight 

indicative of protein aggregation. These observations confirm that the -less F1 complexes, 

which hydrolyze robustly ATP in mitochondria, are labile in vitro under the gel electrophoresis 

conditions. 

 

We finally examined the assembly state of the -less F1 complexes by directly applying the 

pull-down products on a size exclusion column. The resulting fractions were analyzed by 

western-blot analysis (Fig. 7A and 7B). Indeed, we found that the F1 subunits do not form a 

distinct peak of ~300 kDa expected for an 3/3 complex. Instead, they are distributed in 

fractions corresponding to molecular mass ranging from monomer to large aggregates. No 

significant difference was found in the assembly state with or without the presence of the atp1-7 

allele in the -less complexes.    Overall, the data showed that the  subcomplexes are very 

labile and can be readily dissociated and aggregated. This property may account for the loss of 

ATPase activity in vitro. 



 12 

DISCUSSION 
The F1-ATPase is an extremely robust molecular machine. ATP hydrolysis by the three 

catalytic  subunits drives the rotation of the central  rotor with a speed of as high as 10,000 

rounds per minute (28). This unusual capacity is achieved by a high cooperativity between the 

three catalytic sites with sequential conformational changes.  It has been long believed that the 

central γ rotor plays a key role in mediating cooperative ATP hydrolysis (29). The γ subunit is 

situated within the α3β3 ring and is proposed to determine the conformational and catalytic states 

of β’s during the catalytic cycle. ATP binding and hydrolysis by one catalytic  subunit drives 

the unidirectional rotation of the rotor  subunit through  interactions. The rotating in turn 

induces conformational changes in the next catalytic subunit. However, accumulating evidence 

has emerged to support the idea that the α3β3 subcomplex can intrinsically catalyze cooperative 

ATP hydrolysis independent of γ. Early studies have shown an assembled and catalytically active 

γ-less complex in the Thermophilic bacterium PS3 F1-ATPase (30, 31). Genetic studies also 

supported the assembly of an active F1 lacking γ in S. cerevisiae mitochondria (32). The 

mitochondrial γ-less F1 has an undetectable ATPase activity (25), whereas the isolated PS3 α3β3 

subcomplex showed 20-25% of the ATPase activity of the α3β3 complex. Although the PS3 α3β3 

subcomplex is easily dissociated when the enzyme is diluted, incubated at high and low 

temperatures, and subjected to native polyacrylamide gel electrophoresis, it appears to exhibit 

similar cooperative kinetics as α3β3. The data support the idea that kinetic cooperativity is an 

intrinsic property of the α3β3core (31) and that  is critical for structural stabilization rather than 

an essential component for cooperativity. By contrast, a subsequent study reported very limited 

cooperativity by the α3β3 subcomplex (33).  

 

More recently, the Noji group used high-speed atomic force microscopy and observed ATP-

induced dynamic conformational changes in the  subunits of an α3β3 complex from the 

thermophilic bacterium PS3 (34, 35). At a given time, only one  subunit assumes the open state 

for ATP binding. When changed to the closed state, the neighboring  subunit is converted to the 

open state. A unidirectional propagation of the open state was elegantly documented. These 

observations provided direct evidence for a cooperative catalytic mechanism within the 

α3β3core. The γ central stalk is no doubt very important for the assembly of ATP synthase and 

for coupling proton-driven rotation in Fo to conformational changes in  during ATP syhtehsis, 

but it is not absolutely required for catalytic cooperativity during ATP hydrolysis by . This 

is consistent with an early observation that the association of  to a nucleotide-bound  subunit 

induces asymmetry in F1 lacking the central rotor (36) 

 

In the present report, we show that the γ-less F1-ATPase from K. lactis has a barely 

detectable ATPase activity in isolated mitochondria, like the γ-less mutant of S. cerevisiaie (25). 

This activity is enhanced by the F446I and G419D mutations. The mutant -less F1 complexes 

retain 21.7 and 44.6% of the wild-type F1 activity. The mutation-induced recovery of the ATPase 

activity can be phenotypically scored by the maintenance of cell viability in K. lactis under ρ
0 

conditions. The dramatically increased ATP hydrolysis activity supports the presence of a robust 

cooperativity between the catalytic sites independent of the central γ rotor, as a unisite catalytic 

mode would be expected to have an activity 10
5
-10

6
 fold lower than a cooperative mechanism 

(37, 38). We have not been able to examine the exact assembly state and the catalytic kinetics of 

the -less enzymes with or without the presence of suppressor mutations. These subcomplexes 
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seem to be extremely labile. They form complexes of various sizes and are readily dissociated 

and aggregated in vitro, as revealed by BN-PAGE and size exclusion chromatography. The -less 

subcomplexes would be expected to be at least partially assembled in vivo to hydrolyze ATP, 

which allows the survival of 
o
 cells. It is possible that the protein-dense environment and/or the 

presence of F1-specific chaperones (e.g., Atp11, Atp12 and Fmc1)(39-44) in the mitochondrial 

matrix may stabilize the -less subcomplexes in vivo or in organello. 

 

Several explanations may be offered for the stimulation of ATP hydrolysis by the F446I 

and G419D mutations in the -less mitochondrial F1-ATPases. Firstly, as Phe446 and 

Gly419 are located on the  interface, it is possible that the mutations structurally stabilize 

the -less complexes. However, based on currently available data, this is unlikely to be the case. 

We found that Atp1-HIS6 can pull down the  subunit as efficiently as Atp1
F446I

-HIS6. In other 

words, wild-type and  subunits are likely to be as efficient as their mutant counterparts to 

interact with their assembly partners in vivo, but it might be expected that the resulting 

complexes would be more unstable in both cases when compared with the native F1. 

Furthermore, size exclusion chromatography confirmed that the -less F1 forms molecular 

species of variable sizes, regardless the presence or absence of the F446I mutation. 

 

Alternatively, it can be speculated that the F446I and G419D mutations in the K. lactis F1-

ATPase stimulate ATP hydrolysis activity by altering the α-β interactions and possibly, the 

cooperativity within the α3β3 subcomplex. The mechanisms of -independent ATP hydrolysis 

and catalytic cooperativity are currently unclear (45). Gly419 in the yeast F1 is located on the N-

terminal edge of the DELSEED loop in the β subunit and Phe446 is located on the N-terminal 

edge of an equivalent loop in the α subunit (46) (Fig. 3A). These loops connect two long  

helices and have been previously proposed to mediate torque transmission through interactions 

with . They are rich in negatively charged residues that may interact with the positive surface, 

known as the “ionic track”, on the subunit (47). However, several studies have shown that the 

DELSEED loop may not be critical for torque transmission and rotational catalysis. Substitutions 

of the acidic residues in the DELSEED loop by alanine have little effect on the rotary torque (48). 

The Bacillus PS3 F1-ATPase with deletions in the DELSEED loop retains ATP hydrolysis 

activity through a rotational mechanism (49). The bacterial enzyme with the disruption of all 

predicted interactions between the DELSEED loop and by mutagenesis can still catalyze 

unidirectional rotation (50). Thus, specific interactions between DELSEED loop and are not 

essential for cooperativity and the kinetic power of F1-ATPase.  

 

  We speculate that in K. lactis, the F446I and G419D mutations may alter the - 

interactions thereby improving catalytic cooperativity in the less conformation.  Although a 

structure of the yeast α3β3 ring is currently unavailable, it would seem reasonable to predict that 

the N-terminal edge of the DELSEED loops in the α and β subunits, where Phe446 and Gly419 

are located respectively, may alter interactions with the adjacent  and  subunits. The Yoshida 

group has previously solved the α3β3 subcomplex of the thermophilic Bacillus PS3 F1-ATPase 

(51). In the absence of  the nucleotide-free α3β3 subcomplex exists in a perfect threefold 

symmetry. The Phe398 residue, equivalent toPhe446 in K. lactis at the N-terminal edge of 

the DELSEED loop, is on the interface with the N-terminal -helix of the DELSEED loop in the 

adjacent  subunit, with an estimated distance of less than 6 Å (Fig. 3B and C). It is possible that 
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in the K. lactis-less enzyme, the substitution of Phe446 by isoleucine alters the interactions 

with the N-terminal  helix on the  subunit which changes catalytic kinetics or cooperativity. 

Likewise, substitution of Gly419 (or Gly388 in Bacillus F1) with aspartic acid at the N-

terminal edge of the DELSSED loop may alter the length and properties of the N-terminal -

helix of the DELSEED loop in the  subunit. This may change the interactions with the C-

terminal edge of the DELSEED loop on the adjacent  subunit. Because the DELSEED loops 

are expected to be structurally flexible, it is currently difficult to predict how the mutations 

exactly affect the  interactions during ATP hydrolysis in the -less subcomplexes.  

 

The suppression of 
o
-lethality by the F446I and G419D mutations is much more effective 

in the -less configurations. We showed that the presence of  inhibits the in vivo suppressor 

activity of the mutant alleles (Fig. 1A). The occupancy of the central cavity by  appears to mask 

the pro-survival effects of the suppressor mutations. Consistent with its low ATP hydrolysis 

activity, the wild-type K. lactis α3β3 subcomplex is unable to suppress 
o
-lethality. It is possible 

that the  subunit acts as a mediator for stimulating - interactions during cooperative catalysis 

by the native F1-ATPase. The F446I and G419D mutations may bypass the requirement for  

by directly stimulating - interactions.  

 

It remains mysterious with regard to the wild type α3β3 complex, which is active in ATP 

hydrolysis but is unable to suppress 
o
-lethality in vivo. As previously suggested, the wild-type 

enzyme may have a high Km for ATP, which cannot hydrolyze sufficient ATP in 
o
 cells where 

ATP is scarce (18). In this context, we cannot completely exclude the possibility that in the -less 

configuration, the F446I and G419D mutations promote cell survival by lowering the Km for 

ATP, which increases ATP turnover and therefore membrane potential in the 
o
 cells by a 

mechanism independent of the ATP synthase complex.  The -less K. lactis F1-ATPase is 

highly unstable in vitro. For future studies, detailed kinetic properties of the -less enzymes may 

be tested in a more stable enzyme such as the thermophilic Bacillus PS3 33 subcomplex by 

introducing similar mutations. 

 

Smith and Thorsness have previously reported that the G227S mutation in S. carevisiae F1-

ATPase suppresses the slow growth phenotype of cells disrupted of the ATP3 gene encoding the 

 subunit (52). Because the atp3 mutant is unable to maintain mtDNA, cell survival would 

require a robust ATP hydrolysis by F1 to maintain the mitochondrial inner membrane potential 

through the electrogenic ATP
-4

(cytosol)/ADP
-3

(matrix) exchange. The -less F1 is likely 

ineffective in ATP hydrolysis, but it may be increased by the G227S mutation. Indeed, it was 

found that ATP hydrolysis was increased from 5.6% of the native F1 in cells expressing the wild-

type  and  to 19% in cells expressing the wild-type  and the G227S allele.Gly227 is 

located close to the conserved arginine-finger domain of the active site. The G227S mutation 

may potentially increase ATP hydrolysis in the absence of the  subunit. Interestingly, the 

arginine finger has previously been proposed to sense the presence (or absence) of the -

phosphate of ATP and to contribute to the cooperativity of the stator ring in F1-ATPase (53, 54).                     

 

In summary, although the exact mechanism remains to be determined, our data provide in 

vivo evidence for a robust ATP hydrolyzing activity by -less mitochondrial F1-ATPases. This is 
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possible only when specific mutations are introduced at the N-terminal edge of the DELSEED 

loop in either the  or β subunits. The data provide unambiguous evidence for the importance of 

these two sites in promoting ATP hydrolysis in a -independent manner. These findings are 

consistent with the notion that effective - interaction is critical for ATP hydrolysis by the α3β3 

ring. This mode of ATP hydrolysis is reminiscent of some AAA-ATPases whose catalytic 

activity is independent of a central rotor (45). Thus, the genetic system that we developed in K. 

lactis could be further explored in the future for effectively dissecting the mechanism of - 

interactions without the interference from the  subunit. 
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TABLE 1. Genotype and source of K. lactis strains used in this study 
_____________________________________________________________________________________ 

Strain   Relevant genotype     Source or reference 

_____________________________________________________________________________________ 

CK56-16C MATade1 lysA1 uraA1    (7) 

CK98-8A MAT ade1 metA1 uraA1 atp2-3    Our laboratory 

CK141-4A MATa lysA1 uraA1 atp1-2    Our laboratory 

CK196/1 MATa adeT-600 uraA1 atp1 ::URA3    (7) 

CK204 MATa adeT-600 uraA1 atp3::URA3    (7) 

CK204/EB2 MATa adeT-600 uraA1 atp3::URA3 atp2-12    This study 

CK204/EB3 MATa adeT-600 uraA1 atp3::URA3 atp2-12    This study 

CK204/EB4 MATa adeT-600 uraA1 atp3::URA3 atp1-7    This study 

CK204/EB8 MATa adeT-600 uraA1 atp3::URA3 atp2-12    This study 

CK292 same as CW13-4C but LEU2::pCXJ4-MGI/7   This study 

CK295 same as CW15-6C but LEU2::pCXJ4-MGI2    This study 

CK306 MATa adeT-600 uraA1 atp3::URA3    This study 

CK307 MATa lysA1 uraA1 atp2-12 atp3::URA3    This study 

CK308 MATa adeT-600 uraA1 atp1-7 atp3::URA3    This study 

CK312 CW14-4D X CK98-8A    This study 

CK314-2B MAT Ade- uraA1 atp2-12 atp1-7    This study 

CK316-2C MATa adeT-600 uraA1 leu2 atp2::URA3, atp3::URA3  Our laboratory 

CK325 CW15-2A X CK141-4A    This study 

CK326 MAT Ade- uraA1 atp2-12 atp1-7 atp3::URA3   This study 

CK333 MAT ade1 adeT-600 uraA1 leu2 atp1::kan, atp3::URA3 Our laboratory 

CK391/18 MAT ade1 uraA1 leu2 lysA1 atp2-12    This study 

CK392/7 MAT ade1 uraA1 leu2 atp1-7    This study 

CK400 MAT ade1 uraA1 leu2 lysA1 atp2-12 atp3::kan   This study 

CK401/1 MAT ade1 uraA1 leu2 atp1-7 atp3::kan    This study 

CK405 MAT ade1 uraA1 leu2 lysA1 atp2-12 atp3::kan  

   atp::URA3    This study 

CK406  MAT ade1 uraA1 leu2 lysA1 atp2-12 atp3::kan   

   atp::LEU2    This study 

CK408  MAT ade1 uraA1 leu2 atp1-7 atp3::kan,atp::URA3   This study 

CK409  MAT ade1 uraA1 leu2 atp1-7 atp3::kan,atp::URA3   This study 

CK410/6 MAT ade1 uraA1 leu2 atp2-12 atp3::kan atp::URA3  

   atp::LEU2     This study 

CK412/1 MAT ade1 uraA1 leu2 atp1-7 atp3::kan atp::URA3  

   atp::LEU2     This study 

CW13 CK56-16C X CK204/EB2    This study 

CW13-4C MATa lysA1 uraA1 atp2-12    This study 

CW14 CK56-16C X CK204/EB3    This study 

CW14-1A MATade1 uraA1 atp2-12    This study 

CW14-4D MATa lysA1 uraA1 atp2-12    This study 

CW15 CK56-16C X CK204/EB4    This study 

CW15-2A MAT ade1 uraA1 atp1-7    This study 

CW15-6C MATa adeT-600 uraA1 atp1-7    This study 

CW16 CK56-16C X CK204/EB8    This study 

CW16-7C MATa adeT-600 lysA1 uraA1 atp2-12    This study 

PM6-7A MATa adeT-600 uraA1    (55) 
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TL1/1  MAT, ade1, adeT-600, uraA1, leu2, atp1::kan,  

   atp3::URA3, leu2::pCXJ4-MGI2HIS/7/ClaI    This study 

TL2/2  MAT, ade1, adeT-600, uraA1, leu2, atp1::kan,  

   atp3::URA3, leu2::pCXJ4-sym2.1(atp1-7)HIS/1/ClaI  This study 

TL3/4  MAT, ade1, adeT-600, uraA1, leu2, atp1::kan,  

   atp3::URA3, leu2::pCXJ4-MGI2/ClaI    This study 

__________________________________________________________________________
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Table 2. ATP hydrolysis activity of -less F1-ATPases. 
 

      ATPase activity 

Strain Genotype  Growth on EB ------------------------------------------------------------------------------------ 

     - Oli*  +Oli* F1-d**   F1-d/WT 

 

PM6-7A WT   - 1.78 ± 0.10  0.42 ± 0.10 1.57  100% 

 

CK196/1 atp1    - 0.21 ± 0.0  0.21 ± 0.01 0   0% 

 

CK306    - 0.29 ± 0.01  0.22 ± 0.01 0.08  5.1% 

 

CW15-6C atp1-7   - 2.13 ± 0.04  0.56 ± 0.01 1.92  122.3% 

 

CK308 atp1-7,    + 0.55 ± 0.07  0.46± 0.01 0.34  21.7% 

 

CW14-4D atp2-12   - 3.75 ± 0.09  0.56 ± 0.04 3.54  225.5% 

 

CK307 atp2-12,    + 0.91 ± 0.12  0.87 ± 0.16 0.7  44.6% 

 

CK314-2B atp2-12, atp1-7   - 0.38 ± 0.0  0.31± 0.01 0.17  10.8% 

 

CK326 atp2-12, atp1-7,     0.44 ± 0.03  0.29 ± 0.01 0.23  14.6% 

______________________________________________________________________________________________________________________ 

* The values are averages of three independent experiments with the standard deviations indicated. ** F1-dependant ATPase activity, deduced by total 

ATPase activity subtracted by the non-F1 ATPase activity CK196/1. 
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FIGURE LEGENDS 

FIGURE 1. Suppression of 
o
-lethality by the atp1-7 and atp2-12 alleles after the 

deletion of ATP3 encoding the  subunit of F1-ATPase. (A) Growth phenotype of K. lactis 

cells on EB medium that eliminates mtDNA. Cells were grown in YPD medium, diluted in 

water to equal density and spotted on the YPD medium supplemented with EB. The cells 

were then incubated at 28°C for seven days before being photographed. (B) Schematics 

showing the strategy for the disruption of the ATP3 gene encoding the  subunit of F1-

ATPase. (C) Southern-blot analysis showing the disruption of ATP3 in CK307 (atp2-12, 

atp3::URA3) and CK308 (atp1-7, atp3::URA3).      

 

FIGURE 2. Respiratory growth phenotype of K. lactis atp1-7 and atp2-12 mutants. Cells 

were streaked on the non-fermentable YPG (glycerol) medium and incubated at 28°C for 4 

days before being photographed. The double mutant CK314-2B (atp1-7, atp2-12) was 

transformed with the plasmids pUK-KlMGI2/HP and pCXJ22-KlATP2 expressing the wild-

type ATP1 and ATP2 genes respectively. A representative transformant was streaked on the 

plate and tested for respiratory growth. 

 

FIGURE 3. The atp1-7 and atp2-12 mutations occur on the N-terminal edge of the 

DELSEED loops in the  and  subunits of F1-ATPase. (A) Comparison of amino acid 

sequences from various organisms in the DELSEED loop regions where the Klatp1-7 and 

Klatp2-12 mutations occur. The DELSEED loop sequences are highlighted in pink. The 

Phe446 and Gly419 are converted to Ile and Asp (green) in the Klatp1-7 and Klatp2-12 

mutants. Kl, K. lactis; Sc, S. cerevisiae; Bt, bovine; Hs, Homo sapiens; Ba, thermophilic 

Baccilus. (B) Crystal structure of the 33 core of F1-ATPase from thermophilic Bacillus PS3 

(1SKY). For clarity, only half of the symmetric 33 core is shown. The DELSEED loops are 

highlighted in pink and the N-terminal  helix preceding the DELSEED loops are shown in 

green. The amino acids F398 and G388 correspond to F446 and G419 that are mutated 

in the K. lactis atp1-7 and atp2-12 mutants. (C) A close-up view at the DELSEED loops in 

the and  subunits, which may interact with each other in the -less enzyme. 

 

FIGURE 4. The  and  subunits are not required for the suppressor phenotype of the 

mutant -less F1-ATPase. The K. lactis strains were grown in YPD medium overnight, 

diluted in water and spotted on YPD (glucose), YPG (glycerol) and EB medium. Cells were 

growth for 5 days at 28°C before being photographed. The strains used are CK392/7 (atp1-

7), CK401 (atp1-7, ) CK408 (atp1-7, , CK409 (atp1-7, , CK412/1 (atp1-7, 

, CK391/18 (atp2-12), CK400 (atp2-12, ), CK405 (atp2-12, , CK406 

(atp2-12, , CK410/6 (atp2-12, .   

 

FIGURE 5. Purification and characterization of -less F1-ATPases. (A) The 

chromosomal integration of atp1-7-HIS6, but not ATP1-HIS6 or ATP1, into the atp1  cells 

suppresses the 
o
-lethal phenotype on YPD medium supplemented with EB. (B) Western-

blot analysis showing the co-purification of Atp1-7-HIS6 and Atp1-HIS6 with the  subunit 
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after nickel column chromatography. (C) BN-PAGE analysis of purified (F446I)-HIS6/ 

and -HIS6/ complexes. The proteins were visualized by immunobloting using antibodies 

against the  and  subunits of F1-ATPase.  

 

FIGURE 6. Analysis of the -less F1 complexes from isolated mitochondria. (A) Western-

blot analysis showing the steady state levels of the  and  subunits in the wild-type (PM6-

7A),  (CK196/1),  (CK203),  atp1-7 (CK308) and  atp2-12 (CK307) strains. (B) 

BN-PAGE analysis of digitonin-solubilized mitochondria, showing the aggregation of the -

less F1 complexes which were visualized by immunobloting using antibodies against the  

and  subunits. 

 

FIGURE 7. Analysis of -less F1-ATPases by size exclusion microscopy and 

transmission electron microscopy. -HIS6 and (F446I)-HIS6 pull-down products were 

analyzed on a calibrated S200 column. (A) Western-blot analysis showing the elution profile 

of F1 subunits. (B) The relative distribution of the F1  subunit in the fractions from the size 

exclusion chromatography.  
 

 

 









Glucose Glycerol Glucose + EB

Figure 4








	Thuy's thesis 2013_final
	La et al
	Fig1
	Fig2
	Fig3
	Fig4
	Fig5
	Fig6
	Fig7

